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C«SCRIPTXO«r 

COHMUNICAOMON APPARATUS, CC»!M0NICATION DEVICE, METHOD FOR 
CIRCUIT BOARD IMPLEMENTATION; AND TACTILE SENSOR 

XBCHNICai. FXBU) 

The present invention relates to a communication 
apparatus for conveying signals and to a commiinication device 
for realizing communications of signals, and more particularly 
to a communication technology for communicating signals using 
a plurality of conaaunication devices. 

9KUaED ART 

Communication networks such as LANs (Local Area Networks) 
or WANs (Wide Area Networks) include a plurality of 
coniiaunication terminals that are linked thereto using coaxial 
cables, optical fibers or the like. These communication 
terminals address the desired communication terminal in the 
network for communications of signals. With the conventional 
circuit board iroplementation/fabrication technology, 
conductive wires of alvmiinum or copper are patterned on a 
circuit board, thereby allowing circuit elements such as LSI 
or memories to be electrically connected. 

As such, the field such as the conventional communication 
network and circuit board in^lementatioii technologies is. 
predicated on the conductive wires formed to connect between 



. circuit .'elements; thereby realizing the exchange of signals 
via these conductive wires. ' 

However, it is extremely difficult to connect all the 
existing elements via their individual conductive wires; 
5 especially in the presence of an enormous number of elements. 
For example, a LAN having a plurality of terminals connected 
therein via cables may include only a limited number of 
coiinectable terminals due to a restricted number of ports into 
which cables can plug or a restricted number of IP addresses 
0 that can be set. On the other hand, . for the circuit board 
implementation technology, the more the niimber of elements, 
the greater the number of conductive wires becomes. This 
requires a very complicated circuit design, using finer wires 
due to a limited board area, and as a result, the number of 
mountable elements will be limited. 

Furthermore, the communication network or the circuit 
board has the terminals or the elements linked or connected 
physically via Individual cables or conductive wires. This 
would cause signals not to be conveyed in a case of a break in 
the cable or the wire, possibly leading to a failure in the ^ 
communications capability. 

DISCXiOSQKE OP THE INVENTION , ' 

The present invention was developed to overcome the 
problems with the conventional communication technology, it is 



therefore an object of the present invention to provide a 
novel coimnunication technology related to the communication 
apparatus and the cMranunication device. It is. another object 
of the present invention to provide a circuit board 
implementation/fabri cation technology and a sensor technology • 
to which the novel communication technology is applied. 

To overcome the aforementioned problems an aspect of the 
present invention provides a communication apparatus having a 
plurality of comnninication elements that are electrically 
connected to an electrically conductive layer or kn 
electromagnetic action transfer layer. The communicatiori / 
apparatus is characterized in that each of the coimnunication 
elements has a communications capability of conveying a signal 
via the conductive layer to other heighbofing communication 
elements- Preferably, in this communication apparatus^ each 
communication element has a finite setting of conmiunication 
service area (coverage) ^ so that a signal is conveyed only to 
the communication elements within the coverage. Furthermore ^ 
it is preferable that the coverage is set according to the 
communication element density of the communication apparatus 
or the throughput of signal communications. ■ The 
electromagnetic action transfer layer means a layer capable of 
conveying an AC signal, e.g., including a layer which 
functions as an insulator on a DC basis but as a capacitive 
lit¥>edance on an AC basis. 



Another aspect of the present invention provides a 
conununication apparatus having a plurality of distributed 
communication elements. The communication apparatus is 
characterized in that each of the communication elements has 
such a coverage that allows local communications with other 
neighboring communication elements • The local communications 
allow* sequential transniissions of a signal between the 
communication elements, thereby conveying the signal to a 
target communication element. It is preferable that the 
coverage is set according to the comaaunication element density 
of the communication apparatus or the throughput of signal, 
comiaunications . 

In these aspects, it is preferable that individual 
cohductive wires are not formed between the communication 
elements. Forming no. individual conductive wires makes it 
possible to avoid the conventional risk of breaks in the wires. 

The plurality of communication elements may be classified 
into the first order to the Nth order ranks in ascending order 
of conununication management capabilities of the elements . • Each 
communication element can be assigned an ID, such that a. 
higher order communication element can identify a lower order 
communication element which the higher order communication 
element manages, using the ID. The communication elements of 
each rank can also ftinction as the first order communication 
element for conveying a signal to other, communication elements 



that exist within 'a certain neighboring range therefrom, 
thereby realizing local communications with the neighboring 
communication elements, in thfe first order rank. The Mth order 
communication elements have at least a function of the {M-l)th 
order communication elements, which is necessary for 
coidmunications management. The Mth order communication ' , 
elements can be less densely populated than the (M-l)th brder 
communication elements. 

Preferably, the Mth order communication element manages 
the (M-l)th order communication elements which are populated 
within a predetermined range therefrom. The predetermined 
range may be set according to either the distance therefrom or 
the number of communication elements that relay a signal. The 
Mth order communication element" preferably stores a route to 
an (M-l)th order communication element that it manages, as a 
route by way of other (M-l)th order communication elements - 
Furthermore, the Mth order communication element preferably 
stores a route to another Mth order communication element that 
is placed within a predetermined range therefrom, as a route 
by way of an (M-l)th order communication element. 

The Mth order commimication element can serve as a 
communication element of each of the second to the Mth order 
ranks. When ftinctioning as a communication element of a given 
rank, the Mth order communication element can manage a 
communication element, lower in rank by one, which is placed 



' within 'a 'ranger set 'in tKfe given rank. It is preferable that 
this range is set in each rank. The (M-l)th order 
communication element preferably stores at least part of the 
route to the Mth order communication element that manages it, 
as a route by way of other (M'-l)th order communication 
elements. ' , 

The second order communication element transmits a 
neighborhood response request- Based on a response returned 
from the first order communication element that has received 
the neighborhood response request, the second order 
communication element may set an ID to the first order 
communication element that has returned the response. The ID 
includes numerals^ codes, or symbols for identifying a 
communication element, and conceptually includes a so-called 
address. 

The second order communication element may transmit a 
neighborhood check request to the first order communication 
element to which an ID has been set. The first order 
communication element that has received the neighborhood check 
request may transmit a neighborhood response request to check 
for a neighboring first order communication element- The 
second order communication element may set an ID to the first 
order commiinication element that has returned a response. 
Preferably, the second order communication element repeatedly 
transmits the neighborhood check request to set IDs to and ' 



* manage an iricteased numSer of first order coiranimication 

elements and successively determine routes to the first order 
communication elements that it manages. 

Preferably, the third or higher order communication 
elements serve also as a second order connnunication element to 
set an ID to a first order communication element- Preferably, 
the third or higher order communication elements can serve as 
a communication element of each of the third to its own ranks, 
and transmits a relay neighborhood response request as a 
communication element of each rank to set a communication 
element lower in rank by one which is managed in each rank. It 
is preferable that the third or higher order communication 
elements determine a route to at least one coram\ani cation 
element that is under their management. 

A data signal packet includes route data in each rank 
which is utilized to reach the communication element at the 
final destination. Preferably, the route data in the (M-l)th 
order rank includes data on a route to an Mth order 
communication element located halfwa:y on the route from the 
transmitting source communication element to the communication 
element at the final destination" The packet includes a 
receiving element ID for identifying the communication element 
that is subsequently to receive the packet. Preferably, upon 
reception of the packet based on the receiving element ID, the 
communication element sets a receiving element ID of the 



* consmunicfation' element tfiat is subsequently to receive the 
packet, and then sends the packet. Preferably, the 
communication element sets the receiving element ID in 
accordance with the route data included in the packet. 
Preferably, upon reception of the packet based on the 
receiving element ID, each communication element updates the 
route data and then transmits the packet. Each communication 
element is assigned an ID. A higher order communication 
element may be able to refer to an ID included in the packet^ 
thereby determining whether the communication element that is 
identified by the ID is under its own management. For example 
when the packet includes an ID for identifying a destination 
communication element and the ID indicates that the 
communication element is under the management of the higher 
order communication element. In thi« case, it is preferable 
that the higher order communication element sets a route to " 
the commiinication element to transfer the packet. 

Another aspect of the present invention provides a 
communication device for transmitting a signal to other 
communication elements existing within a coverage. The 
communication device includes first and second signal layers 
isolated from each other, and a communication element 
connected electrically to these layers, in which the coverage 
is determiiied in accordance with the resistances of the first 
and second signal layers and the capacitance between the first 
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• and second si^l 'layers, allowing the commiinication element 
to transmit a signal by discharging electric charges to the 
first or second signal layer- This coverage may also be 
determined in accordance with the resistance and inductance of 
•the first signal layer and/or the second signal layer and the 
capacitance between these two layers. 

Still another aspect of the present invention provided a 
communication device for transmitting a signal to- other 
communication elements existing within a coverage. The 
communication device includes first and second signal layers, 
and a communication element connected electrically to theser 
layers, in which the first signal layer and the second signal 
layer are brought into conduction in the communication element 
thereby transmitting a signal. It is preferable that the first 
and second signal layers are brought into conduction via an 
appropriate impedance, where the conduction includes short- 
circuiting. 

The communication device may further include a high 
resistance layer which has a resistance higher than those of 
the first and second signal layers and which brings these 
layers into conduction! 

The communication device may further include a high 
resistance layer which has a resistance higher than that of 
the first signal layer and which is electrically connected to 
the first signal layer, and a power supply layer which is 



r electr'ically conneicted to the high resistance layer and which 
supplies power to the communication element. The 
aforementioned coverage is determined in . accordance with the 
resistance of the first signal layer* The coverage may also be 
determined in accordance with the resistance of the high 
resistance layer and the capacitance between the first and 
second signal layers - The communication element may transmit a 
• signal by short-circuiting * the first and second signal layers. 

The second signal layer may also be a ground layer that • 
is connected to the ground. To Supply power to a communication 
element, the capacitor of the communication element may be 
charged while no signal is being transmitted- Preferably, the 
first, and second signal layers are formed of an electrically 
conductive flexible body or a meshed object. The communication 
device can be formed of the flexible body or the meshed object 
and accordingly a communication apparatus capable of expanding 
or contracting can be formed. 

Still another aspect of the present invention provides a 
method for circuit board implementation/fabrication, 
comprising distributing a plurality of circuit elements on an 
electrically conductive circuit board, the circuit elements 
each of which has a communications capability of conveying, a 
signal within each predetermined coverage, thereby mounting 
the circuit elements on the board without forming individual 
conductive wires between the circuit elements. Since no 
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individual conductive wires are formed between circuit 
elements, it is possible to mount the circuit elements at any 
positions, allowing the user to freely fabricate custom LSIs. 

Still another aspect of the present invention provides a 
tactile sensor coitprising at least one sensor element 
including a circuit for measuring stress or ten^^erature ta 
convert it into a coded signal, and an electrically conductive 
flexible structure which conveys an output signal from the 
sensor element. 

A plurality of signal terminals of the sensor element may 
be connected to ^n electrically continuous, electrically 
conductive rubber region of the sensor element. The sensor 
element, may be provided with two electrodes, which 
electrically contact two electrically conductive rubber sheets 
of the elastic structure. The electrodes of the sensor element 
inay electrically contact the two or more electrically 
conductive rubber sheets of the elastic structure by means of 
pin-shaped projections protruded from the sensor element. The 
sensor element may be provided on one surface with two or 
three electrodes, each of which' electrically contacts a 
plurality of electrically conductive rubber regions formed in 
a single layer of the elastic structure. 

Neighborhood stress may be detected in accordance with a 
variation in capacitance between an LSI chip of the sensor 
element and an electrode component connected thereto. The 

11 



electrode component connected to the sensor element can be 
supported at an infinitesimal area near its qenter^ thereby 
allowing the electrode to be defojooed with a good sensitivity 
■to an uneven pressure on the surface of the electrode. 

The neighborhood stress may also be detected in 
accordance with a variation in resistance of an LSI chip of 
the sensor element and a pressure-sensitive electrically 
conductive rubber sheet connected thereto. The neighborhood 
stress may also be detected in accordance with a variation in 
the amount of light arriving at an optical sensor on an LSI 
chip of the denser element. 

Still another aspect of the present invention provides a 
communication device for conveying a signal to other 
communication elements existing within a coverage. The 
communication device includes first and second signal layers 
isolated from each other/ and a communication element electro- 
magnet ically connected to these layers , in which the coverage 
is determined in accordance with an attenuation factor of an 
electromagnetic wave, and the communication element emits an 
electromagnetic wave or a beam of light to the first signal 
layer or the second signal layer, thereby transmitting a 
signal. 

The representations of the present invention exchanged 
between the device, the assembly, the apparatus, the method 
and the system are also effective as an aspect of the present 
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invention. 

BRIEF I>£5CRIP7XOH OF THE DBI^IMGS 

These and other objects^ features, and advantages will be 
better understood through the following descriptions in 
accordance with the preferred embodiments with reference to 
the accompanying drawings; in which 

Fig. 1 is an explanatory view illustrating the schemes of 
a communication technology; 

Fig. 2A is a conceptual view illustrating a relay 
communication scheme. Fig. 2B is a conceptual view 
illustrating a direct commLinication scheme; 

Fig. 3 is a view illustrating the outer arrangement of a 
communication apparatus according to a first embodiment; 

Pig. 4 is a functional block diagram of a communication 
element; 

Fig. 5 is an explanatory view illustrating an exen^lary 
structure of a communication device for realizing a local 

comtaunicat ion; 

Fig. 6A is a view illustrating a communication element 
charging a drive capacitor. Fig. 6B is a view illustrating the 
communication element allowing the drive capacitor to be 
discharged; 

Fig- 7 is a view showing the relation between the voltage 
and the covei:age of a charge-storage-type communication 
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device; 

Fig. 8A is a view illustrating an exaii5>le of the 
structure of a currient-dif fusion-type communication device. 
Fig. 8B is a view illustrating another example of the 
structure of a current-diffusion-type communication device. 
Fig. 8C is a view illustrating still another example of the 
structure of sL current-diffusion-type communication device; 

Fig. 9 is an explanatory view illustrating the principle 
of the signal transmission according to the current-dif fusion- 
type coramianication device; 

Fig. 10 is a view illustrating an arrahgeiiiient for 
supplying power to a communication element;. 

Fig- 11 is an explanatory view illustrating a signal 
propagating in a theoretical wave propagation mode; 

Fig. 12 is an explanatory view illustrating a 
hierarchical structure of communication elements in an address 
relay transfer mode; 

Fig. 13 is a view illustrating an exait?>le of the 
structure of a transmitted packet; 

Fig. 14 is a conceptual view illustrating route data in 
each rank; 

Fig. 15 is an explanatory view illustrating a signal 
being conveyed from a transmitting source communication 
element to its parent element in an address relay transfer 
mode; 
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Fxg. .16 is an explanatory view illustrating a signal 
being conveyed from a higher rank commimication element to a- 
destination communication element in an address relay transfer 
mode; 

Fig. 17 is an explanatory view illustrating a signal 
being conveyed to a destination comnianication element in. an 
address relay transfer mode without passing through a higher 
order managing coiomunication element; 

Fig. 18A shows an example of a transferred packet^ Fig. 
18B shows another example of a transferred packet. Pig. 18C 
shows still another example of a transferred packet. Fig. 18D. 
shows another example of a transferred packet; 

Fig, 19 is a view illustrating the structure of. a 
neighborhood response request packet; 

Fig. 20 is a view illustrating the structure of a 
neighborhood check request packet; 

Fig. 21 is a view illustrating the structure of a ' 
neighborhood copy request packet; 

Fig. 22 is a view illustrating the structure of a check 
report packet; 

Fig. 23 is a view illustrating the structure of a relay 
acknowledgement packet; 

Fig. 24 is a view illustrating the structure of a relay 
ID change request packet; 

Fig- 25 is a view illustrating the structure of a relay 
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neighborhood response request packet; 

Fig. 26 is a schematic view illustrating a tactile 
sensor; 

Fig. 27 is a cross-sectional view illustrating a tactile 
sensor; 

Fig. 28A is a view illustrating a voltage that is applied 
to an electrically conductive rubber sheet by a computer 
connected to the electrically conductive rubber sheet. Fig.. 
28B shows the input and output impedance between the 
electrodes of a tactile chip. Fig. 28C shows the input and 
output" impedance between the electrodes of another tactile 
chip; 

Fig. 29A is an explanatory view iliustrating the 
principle of signal transmission according to the direct 
communication scheme. Fig. 29B shows an equivalent circuit at 
a frequency that allows the potential across electrically 
conductive layers to be. considered constant. Fig. 29C shows 
the fundaiaental circuit configuration of a tactile element. 
Fig. 29D shows a circuit for detecting power being turned on;* 

Fig. 30A is a side view illustrating a tactile chip. Fig. 
30B is an exploded view illustrating the .tactile chip; Fig. 
30C is a view showing the surface of an LSI chip and 
components attached to the LSI chip; 

Fig. 31 is an eaqplanatory view illustrating a 
transmitting circuit for detecting stress; 
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Fig. 32 is a cross-sectional view illustrating an 
Implemented tactile element; 

Fig. 33 is a schematic view illustrating an arrangement 
for demonstrating the operation of a tactile sensor ; 

Fig. 34 is a substitute view for a patterned mask used 
with a test LSI chip prepared as a prototype; 

Fig. 35A is a substitute view for a picture, taken froia 
above, of an externally attached electrodes from which a 
component has been removed, Fig. 35B is a siibstitute view for 
a picture taken of the electrodes to which a component has 
been connected; 

Fig. 36 is a view illustrating a transmitting waveform 
obtained by observing a test chip; 

Fig. 37A is a view showing transmitting frequencies fig, 
f24 observed when the entire surface of a structure is 
continually displaced, vertically. Fig. 37B is a" view showing, 
transmitting frequencies fu, fa* observed when the surface is 
continually displaced horizontally (in the x direction); 

Fig. 38A is a plot showing the sum of and the difference 
between f 13 -and f24, observed upon continual application of 
vertical displacement, with the horizontal axis representing 
the displacement in the 2 direction. Fig. 38B is a plot 
showing the sum of and the difference between fjs and faa, 
observed upon continual application of horizontal displacement 
(in the X direction), with the horizontal axis representing 
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the displacement in the X direction. 

Fig. 39 is an explanatory view illustrating a method in 
which electrodes are placed flush with each other on a chip, 
allowing pin-^ghaped projections to contact two layers of 
electrically conductive rubber; and 

Fig. 40 is an explanatory view illustrating a method- in 
which electrodes ar© placed flush with each other on a chip, 
allowing electrically conductive regions patterned inside a 
single layer to electrically contact the electrodes. 

BEST MOIDE: for C&kECriHG OUT THE ZfiSVBH!l5XQH 

[First embodiment] 
. Pig. 1 is an explanatory view illustrating the scheme of 
a communication technology according to the present invention. 
The communication technology according, to the present 
invention is largely divided into the relay- communication arid 
the direct communication schismes. In either scheme, it is 
preferable that a plurality of communication elements exist in 
an environment (space) , in which no individual conductive 
wires are formed to physically connect between these 
commiinication elements.: For example, these communication 
elements may be arranged to connect to a flat electrically 
conductive layer, an electrically conductive circuit board, oz 
an electromagnetic action transfer layer capable of conveying 
an AC signal. The elements may also be configured to transmit 
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and receive a 'signal wirelessly- Signals may be transmitted 
through the discharge of electric charges in the electrically 
conductive layer or through, the emission of light or 
electromagnetic waves. The communication element is not 
limited to one formed in the shape, of a chip but may 
conceptually includes ones having communications capabilities 
to be described in accordance with the embodiments of the 
present invention, in whatever shape and form. The relay 
commvinication technology is a scheme for locally conveying a 
signal successively between neighboring consthuni cation eleiaehts 
along a path, thereby allowing the signal to reach a 
communication element at its final destination, whereas the 
direct commxmication technology is a scheme for conveying a 
signal directly to a commtinication element at its final- 
destination. 

It is preferable that each communication element is set 
to have a relatively short range over which a pignal can reach 
(hereinafter also referred to as the ^^coverage") , An increase 
in signal coverage would increase power consunp/tioh by that 
amount and possibly have an adverse effect on other 
communication elements which do not participate in the 
communication at that time. Accordingly, since it is 
sufficient that a communication element c^n convey a signal to 
its neighboring one in the relay communication scheme, it is 
preferable that the coverage is determined according to an 
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average distance to its neighboring communication elements. 
Even in the direct communication scheme^ it is not preferable 
to set the coverage, that is, a distance which a signal can be 
reached, to an unnecessarily longer distance than the maximum 
distance between the communication elements within an 
environment. Therefore, it is preferable that the coverage is 
determined according to the distance between communication 
elements . 

The communication technology according to the present 
invention is applicable to various applications- Per example/ 
electronic components (circuit elements) such as LSIs or 
memories can be provided with the communications capability 
according to the present invention. This allows for 
implementing a plurality of electronic ' comppnents on a circuit 
board without connecting individual conductive wires to each 
of the electronic components* Recently, robots with a sense of 
skin have been Intensively studied. Thus, it is now possible 
to provide a technology that allows a tactile sensor of the 
robot to have the commvmications capability according to the 
present invention and thereby the information detected with 
the tactile sensor to be transmitted to the brain computer of 
the robot. A floor in a building can be interspersed with 
sensors having the communications capability according to the 
present invention. This makes it possible to monitor the 
behavior of elderly people who live their own or to help 
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prevent 'crime' when they'are away frtm hwtie. Light-emitting 
elements can also be provided with the communications 
capability according to the present invention, thereby 
allowing ifor creating a cloth-shaped display device. 
Furthermore, tags may be provided with the commTinicatibns 
capability according to the present Invention, thereby making 
it possible to provide inexpensive tags that allow its 
information to be read with accuracy, a wireless communication 
element may be provided with the communications capability 
according to the present invention, for example, to equip a 
computer with the wireless communication element, iii the 
vicinity of which located is the wireless communication 
element of a computer at the other end. This makes it possible 
to facilitate the transmission and reception of information 
between the conqputers. It is also possible to embed a 
communication element having the communications capability ' 
according to the present invention in the electrically 
conductivei inner wall of an automobile. This allows for 
realizing a communication apparatus that requires no 
individual burdensome ceUbling. 

This communication technology allows a signal to be' 
conveyed between the communication elements located within 
relatively short ranges. This allows for reducing attenuation 
and degradation of the signal over? the distances, thus 
realizing high-speed transmission with high throughput 
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independent of the nunober of nodes involved. Many 
copummication elements can be distributed within an 
environment^ thereby serving as an information exchange medium 
with a chip having a predetermined f\inction such as a sensor 
to realize a wide coverage. Furthermore^ the communication 
element can be placed relatively freely at a given positi<m. 
This allows for facilitating design to manufacture an , * 
artificial skin or a display device or the like^ which has a 
predetermined function. Furthermore^ since each chip is 
provided with the communications capability^ no board circuit 
design including wiring is required and a less number of 
process steps can be employed to prepare a board circuit. The 
commiinication element sandwiched between electrically 
conductive layers would eliminate electromagnetic noise 
radiations^ and be very useful^ especially, in highly piablic 
facilities such as hospitals. Furthermore, the commtinication 
element has also a self recovery fimction that allows for re- 
setting a path between chips to establish an alternative 
communication path even in the event of failure in the 
electrically conductive layer or the like. 

Fig. 2 is an explanatory view illustrating a 
communication scheme according to the present invention. 

Fig. 2A is a conceptual view illustrating a. relay 
communication scheme, showing a plurality of communication 
elements indicated by small circles , and distributed in an 
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environment. Each of the communication eleiuents has a 
communications capability of conveying a signal to other 
neighboring communication elements. It is preferable that the 
communication element has such a coverage being set that 
allows a local communication with other neighboring 
communication elements- This local communication allows a- 
signal to be successively communicated between the 
communication elements, thereby conveying the signal to the 
communication element at its final destination. 

Suppose that a communication element 200a is a signal 
transmitting source element and a communication element 200b. 
is at .the final destination. In this case, the relay 
communication scheme allows the signal to be conveyed from the 
communication element 200a to the communication element 200b 
via communication elements 200c and 2p.0d. Xhe signal may also 
be conveyed in various manners. For example; the communication 
element 200a transmits the signal to all the neighboring 
communication elements within its coverage, so that all the 
communication elements that have received the signal in turn 
transmit the signal to their neighboring communication 
elements, thereby allowing the signal to be concentrically 
conveyed to the final destination. More preferably^ the route 
between the communication elements 200a and 200b, which is set 
in advance or real time, may be used to convey the signal only 
via particular communication elements. In particular, when the 
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latter method Is eir4>loyeci, only the conmmnication elements 
that are required for conveyance of the signal provide * 
transmissions. This makes it possible to reduce power 
consumption and interference with the transmissions provided 
by other communication elements. A detailed description will 
be given later to a method for determining a route and a - 
method for conveying a signal using the relay communicatic^ 
scheme. 

Fig. 2B is a conceptual view Illustrating the direct 
communication scheme, showing a signal being conveyed directly 
from the transiaitting source communication element 200a to th:e 
destination communication element 200b. The transmitting 
source communication element 200a may be configured in the 
same manner as the other commxinicatioh elements/ or may be an 
externally connected host computer. A method for conveying a 
signal using the direct coirtmuniGation scheme will also be 
discussed later. 

Fig. 3 is a view illustrating the outer arrajigement of a 
communication apparatus 100 according to a first embodiment of 
the present invention. In the communication apparatus 100, a 
plurality of communication elements 200 are sandwiched between 
two electrically conductive layers 16 and 18. Each of the 
communication elements 200 is electrically coiuiected* to the 
two electrically conductive layers 16 and 18. The electrically 
conductive layers 16 and 18 may have a single-layer structure 

• * 24 



or a multi-layer structure. This example employs a two- 
dimensional blanket structure. Fig. 3 shows the electrically 
conductive layers 16 and 18. These layers are shown in a state 
where it is opened to illustrate that the comniimicaition 
elements 200 are . sandwiched therebetween. 

For example, suppose that the communication apparatus 100 
according to the present invention is applied to an artificial 
skin for covering the surface of a robot, in this case, the 
electrically conductive layers 16 and 18 are formed of an 
electrically conductive rubber material. The artificial skin 
formed of a flexible rubber material can freely extend or- 
contract in response to the action of the. robot. Furthermore, 
a signal is conveyed via the elastic electrically conductive 
layers 16 and 18 in absence of individual wiring. This allows 
for reducing the risk of some defects .of the communications 
capability due to a break in the wiring, thereby realizing a 
stable communications caipability; Suppose also that the 
communication apparatus lOD according to the present invention 
is used as a circuit board. In this case, the electrically 
conductive layers 16 and 18 formed of an electrically 
conductive rubber material can realize a flexible circuit 
board. 

Each of the communication elements 200 can be provided 
with functions other than the communications capability. 
Suppose that the communication apparatus 100 is used as the 
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artificial skin of a robot. In this case, some of the 
communication elements 200 serving as a tactile sensor detect 
an externally applied stimulus to convey the resulting signal 
to the communication element at the destination in cooperation 
with other communication elements. Suppose also that the 
communication appiaratus 100 is applied to a technique for* 
circuit board implementation. In this case, the communication 
element 200 may also serve, as a circuit element such as LSI or 
memories, for example. As used herein, the term ^communication 
apparatus" refers to ah apparatus having at least a 
comrauhications capability. Thus, those skilled in the art Will 
understand that the communication apparatus may have an 
additional function such as a sensor fxinction in the form of 
thei artificial skin or a computation function in the form of 
an electronic circuit. 

Fig. 4 is a functional block diagram of the communication 
element 200. The communication element 200 Includes a 
communicating unit 50, a processing unit 60, and a memory 70. 
The comiaunicating unit 50 exchanges a signal with other 
coinmunication elements via the electrically conductive layers 
16 and 18 (see Fig. 3) . The processing unit 60 controls the 
communications capability of the communication element 200. 
More specifically, for example, the processing unit 60 
monitors ambient signals, analyzes received signals, generates 
transmitted signals, and determines the transmission timing of 
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signals, which relate to signal exchange with other 
coimaunication elements 200. The processing unit 60 may also 
realize the sensor function, the con^jutation. function or the 
like other than the cozoniunications capability. The memory 70 
pre-^stores information necessary to realize the communications 
capability or other functions, and successively stores the 
information as required. 

Fig. 5 is an explanatory view illustrating an example of 
the structure of a communication device for realizing a local 
communication., showing a cross-sectional view of the 
communication apparatus 100 J As used herein, the term 

i 

^^communication device" refers to the structure for realizing a 
localized communications capability. 

In this exainple, the communication device includes a 
first signal layer 20, a second signal layer 30, and a 
communication element 200 that is electrically connected to 
these layers- The first signal layer 20 and the second signal 
layer 30 are insulated from each other, and the second signal 
layer 30 is a ground layer connected to the electrical ground. 
The .communication device has a coverage determined by the 
resistances of the first and second signal layers 20 and 30 
and the capacitance between the first and second signal layers 
20 and 30, and the communication element discharges electric 
charges to the first signal layer 20 and the second signal 
layer 30, thereby transmitting a signal- With each 

27 



communication element having a capacitor formed by the first 
signal layer 20 and the second signal layer 30^ the discharged 
electric charges are detected in the capacitor of the 
neighboring communication devices placed within the coverage 
and acknowledged a change in its voltage as a signal- Since 
the communication element shown in Fig. 5 behaves in the • 
manner to drive the capacitor formed by the layers 20 and ;30, 
the communication device may be referred to as a ^^charge- 
storage-type'*' communication device. For convenience in 
.description^ this nomenclature is given only to distinguish it 
from a cur rent-dif fusion-type^ communication device, 
discussed later, and not intended to limit the property and 
structure of the communication device shown in Fig. 5 by means 
of this nomenclature . 

Fig. 6 is ah explanatory view illustrating the principle 
of signal transmission according to the charge-storage-type 
communication device. Fig. 6A illustrates a communication 
element 200 recharging a drive capacitor 34b. A main capacitor 
34a stores electric charges necessary to drive the entire 
communication element 200, while the drive capacitor 34b 
stores electric charges necessary to drive a communication 
layer 36. The communication layer 36 schematically represents 
the first signal layer 20 and the second signal layer 30 (see 
Fig, 5) . To charge the drive capacitor 34b, a switch 32a is 
opened and the switch 32b is closed. Each of the switches 32a 

28 



and 32b is opened or closed at the predetermined timing by the 
processing unit 60 (see Fig. 4). This scheme can also drive a 
cur rent-diffusion -type coimminicatlon device, discussed later. 

Fig. 6B illustrates a communication element 200 allowing 
the drive capacitor 34b to discharge. When the drive capacitor 
34b discharges^ the switch 32a . is closed and the switch 32b is 
opened. This communication device discharges the electria 
charges of the drive capacitor 34b, thereby transmitting a 
signal. Each time one bit is transmitted, the charge is 
transferred from the main capacitor 34a to the drive capacitor 
34b to discharge the charge of the drive capacitor 34b to the 
communication layer 36, thereby realizing successive 
transmissions. 

The effective commiinication distance (coverage) D(m) of a 
signal at an angular • frequency o (rad/s) is given by the 
following equation: 
(Equation) 

where p (Q) is the sheet resistance of the communication layer 
36 and C(F/m^) is the capacitance between the signal layers per 
iinit area. In this manner, the coverage of a communication 
device is determined in accordance with the resistance and 
capacitance of the communication layer 36. Accordingly, if the 
resistance and capacitance of the communication layer 36 are 
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set appropriately desired coverage can be realized. 

• Particularly in the relay conanunication scheme, since it. 
is* sufficient that signals can. be exchanged only with 
neighboring coiranunication elements 200, it is preferable that 
the coverage Is set to a value as small as possible. For 
example, suppose that the cominunication apparatus 100 has ^ 
plurality of communication elements 200 distributed within, a 
distance of 10cm therebetween. In this case, it is preferable 
that the resistance and capacitance of the communication layer 
36 are detenained such that the coveragie is about 10cm. A 
coverage having a small value makes it jpossible to reduce 
interference with other communication elements 200 and 
unnecessary power consumption. 

The aforementioned principle is described below uising an 
equation. For simplicity in description, assume that this is a 
one-dimensionaj problem with voltage Voexp (jot) being 
applied to an infinitesdunial electrode existing at the origin. 
In this case, the voltage V at position x is expressed by the 
following equation: 
(Equation) 

Fig. 7 is a graph showing the relation between the 
voltage of a charge-storage-type communication device and the 
coverage, the vertical axis representing the real portion of 
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V/Vo and the horizontal axis representing x/D. It can be seen 
that the voltage exponentially decreases in amplitude with 
distance from the origin- Therefore, an effect on a point at i 
significantly larger distance than the coverage D is 
negligible* Accordingly^ if the coverage D is appropriately 
determined in accordance with the density of the communication 
elements 200, an efficient communication can be realized. 

Fig* 8 is an explanatory view illustrating another 
example of the structure of a communication device for 
realizing the local communication between neighboring 
communication elements, showing a cross-sectional view of the. 
commiinication apparatus 100* This communication device 
performs a switching operation by which the communication 
element 200 is brought into a conduction state, causing signal 
transmission by the resulting voltage .drop of the signal 
layers 20 and 30. Thus, the communication device can be 
referred to as the *^current-dif fusion--type'' communication 
device. For convenience in description, this nomenclature is 
given to distinguish it from the ^^charge-storage-type'' 
communication device, described above, and not intended to 
limit the property and structure of the coramxinication device 
shown in Fig. 8 by means of this nomenclature. 

Fig. 8A is a view illustrating an example of the 
structure of the current-diffusion-type communication device. 
The communication device includes the first signal layer 20, 
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the second signal layer 30, and a communication element 200 
that is electrically connected to these layers. The second 
signal layer 30 may be a ground layer connected to the 
electrical ground. The first signal layer 20 and the second 
signal layer 30 are brought into conduction through a high- 
resistance layer 40 having a higher resistance than those -of 
these layers. More specifically, the communication elemerxt 200 
is surrounded by the high-resistance layer 40, with the 
communication element 200 and the high-resistance layer 40 
being sandwiched between the first signal layer 20 and the 
second signal* layer 30. The resistance of the high-resistance 
layer 40 may be suitably set in consideration of the 
resistance of the first signal layer 20 and the second signal 
layer 30 or the communication element 200 may be always 
conducting with an appropriate resistance ijiside the element 
between its two electrodes. . In either case, when a switching . 
operation for conduction between the first signal layer 20 and 
the second signal layer 30 through the communication element 
200 is perf ormedr a transmitted signal does not reach a long 
distance, thus making it possible to set the coverage to a 
short distance only to neighboring communication elements. 

Fig. SB is a view illustrating another example of the 
structure of a current-diffusion-type communication device. 
The communication device includes the first signal layer 20, 
the second signal layer 30, and a communication element 200 
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that is electrically connected to these layers • The second 
signal layer 30 may be a ground layer connected to the 
electrical ground. The first signal layer 20 and the second 
signal layer 30 are insulated from each other. The first 
signal layer 20 is connected with a high-resistance layer 42 
having a resistance higher than that of the first signal iayer 
20, the high-resistance layer 42 being connected with a poorer 
supply layer 44 for supplying power to the communication 
element 200. As illustrated, the high-resistance layer 42 and 
the power supply layer 44 are successively formed in that 
order on the first signal layer 20. The first signal layer. 20 
and the second signal layer 30 being insulated from each other, 
make it possible to prevent a steady current from flowing 
between the layers. The second signal layer 30 and the power 
supply layer 44 are formed to have a very low resistance. 

The resistance of the first signal layer 20 is set in 
accordance with the coverage • That is^ the resistance of the 
first signal layer 20 can be appropriately determined in 
relation to the high-resistance layer 42, thereby allowing the 
diffusion range of current to be determined. If per unit area, 
the vertical impedance of the high--resistance layer 42 is 
greater than impedance 2 resulting from the sum of the 
capacitance between the first signal layer 20 and the second 
signal layer 30 and the one between the first signal layer 20 
and the power supply layer 44, the diffusion range is 
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determined by the resistance of the first signal layer 20 and 
the impedance 2, , 

The principle in the foregoing is now described below 
using .an equation. For simplicity^ it is assiu&ed that the 
first signal layer 20 is negligibly thin in thickness. The 
non-steady component of voltage y) of the first signal 

layer 20 satisfies the relation expressed by the following 
equation: 
(Equation) 




where C{F/m^) is the sum of the capacitance between the first 
signal layer 20 and the power supply layer 44 and the one 
between the first signal layer 20 and the second signal layer 
30, r| (Qm) and d(in) are the resistivity and a thickness of the 
high-resistance layer 42, respectively, p (Q) is the sheet 
resistance of the first signal layer 20, and » (rad/s) is the 
angular frequency. Therefore, if r|d < 1/coC (the condition for 
current diffusion), then 1/iid contributes dominantly, allowing 
a signal to be conveyed on the current diffusion basis. 
Assuming that this is a one-dimensional problem with voltage V 
= Voexp(jQt) being applied to an infinitesimal electrode 
existing at the origin. In this case, the voltage V at 
position X is expressed by the following equation: 
(Equation) 
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V=Voexp^ ^jexp(j cut) 

As can be seen clearly from the equation^ no signal ptiase 
delay occurs within the range over which the signal reaches. 
Here^ the coverage D is expressed by the following equation: 
(Equation) 

The resistance of each ccnponent included in this equation^ 
e.g.^ the resistance of the first signal layer 20, can be 
determined as appropriate, thereby providing a desired 
coverage - 

Fig. 8C is a view illustrating still another exanple of 
the structure of a current-diffusion-type controunication device 
The communication device includes the. first signal layer 20, 
the second signal layer 30,. and a c<Mnmunication element 200 
that is electrically connected to these layers . The first 
signal layer 20 and the second signal layer 30 are insulated 
froiti each other. .The first signal layer 20 is electrically 
connected with the high-resistance layer 42 having a 
resistance higher than that of the first signal layer 20, the 
high-resistance layer 42 being electrically connected with the 
power supply layer 44 to supply power to the communication 
element 200. Likewise, the second signal layer 30 is 
electrically connected with a high-resistance layer 46 having 
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a resistance higher than- that of the second signal layer 30, 
the high-resistance layer 4 6 being electrically connected with 
a power supply layer 48 for supplying power to the 
communication element 200. As illustrated, the high-resistance 
layer 42 and the power supply layer 44 are successively 
stacked in that order on the top of the first signal layec 20, 
while the high-resistance layer 46 and the power supply layer 
48 are successively stacked in that order on the bottom of the 
second signal layer 30. The communication device shown in Fig.. 
8B has a staked layer structure only on one surface of the 
communication element 200; however^ as shown in Fig. EC, a. 
staked layer structure may be formed symmetrically on both the 
surfaces of the comimunication element 200. The configuration 
and property of each lalyer are as described with reference to 
Fig. SB- 
Fig. 9 is an explanatory view illustrating the principle 
of signal transmission according to the current-diffusion-type 
communication device. A main capacitor 34 stores electric 
charges- necessary to drive the entire communication element 
200. The communication layer 36 schematically represents the 
first signal layer 20 and the second signal layer 30 (see Fig. 
8) - This communication element 200 allows a switch 32 to be 
switched to vary the impedance between electrodes which are 
connected to the layer 20 and 30, respectively, thereby 
transmitting a signal. The switch 32 is opened or closed at 
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the. predetermined timing by the processing unit 60 (see Fig. 
4) . This scheme of the coromxmication element can also drive a 
charge-storage-type commtinication device. 

Closing the switch 32 causes the first signal layer 20 
and the second signal layer 30 to be short-circuited- As a 
result^ voltage drops produced between the first signal layer 
20 and the second signal layer 30 arise at neighboring 
communication elements, which thus detect the voltage drops as 
signals. As described above, in the relay communication schem^e, 
the effect of the voltage drop does not need to be conveyed to 
distant communication elements but only to neighboring 
coromianication elements . Setting the coverage equivalent to the 
distance between the neighboring communication elements can 
reduce power consumption and interference with other 
communication elements as well. 

Now, a method for supplying power to the communication 
element 200 is described below. As an exan^le of the method, a 
communication device can be formed in a multi-layer structure 
as shown in Fig. 8B, such that the power supply layer 44 
supplies power to the communication element 200. The high- 
resistance layer 42 being interposed between the comm\inication 
element 200 and the power supply layer 44 allows electric 
charges, to be supplied to the entire surface of the power 
supply layer 44 having a low resistance. This makes it 
possible to stably charge the capacitors of the communication 
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elements 200 distributed throughout the communication 
apparatus 100. 

Fig., 10 is a view illustrating another arrangement for 
supplying power to a commuhication element. In this example, 
the communication apparatus 100 is provided with a power 
supply line 52 and power supply points 54 to supply power « 
through the power supply line 52 to the communication elements 
in the communication apparatus 100 via the power supply points 
54. In this power supply method^ the communication elemeiil: may 
be provided- with temporally divided cycles, e.g. , a signal 
transmission/reception cycle and a recharging cycle. When a. 
communication element transmits a signal, the impedance across 
the couple of electrodes of each neighboring communication 
element is kept high, while upon supplying power, all the 
elements stop transmitting signals, to simultaneously charge 
the capacitors of the coimnunication elements. Especially when 
the communication element does not have a multi-layer 
structure including a power supply layer but a two-layer 
structure with a first signal layer and a second signal layer> 
such a power supply line 52 may be formed. 

The specific structures of the conimunication device has 
been described abpve with reference to Figs. 5 through 10; 
however, the communication device is not limited to the 
aforementioned structures but may any structure so long as it 
can exchange a signal with its neighboring communication 
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elements. Now, a detailed explanation will be given below to 
the relay CQznmunication scheme using a communication device 
for providing local communications. 

In this embodiment, the algorithm of the relay 
5 communication scheme has a ^^theoretical wave propagation mode" 
and an address relay transfer mode.'' The theoretical wave 
propagation mode isf a communication algorithm for a 
transmitting source communication element to broadcast a 
signal to all communication elements, while the address relay 

10 transfer mode is a communication algorithm for defining a 

route to convey a signal along the route from a transmitting, 
source communication element to a destination communication * 
element- First, the theoretical wave propagation mode is 
described below* 

15 Fig. 11 is an explanatory view illustrating a signal 

propagating in the theoretical wave propagation mode through a 
communication apparatus. In the figure, small circles indicate 
commimication elements, the blackened circle at the center 
indicates a communication element that transmits a signal- The 

20 concentric circles surrounding communication elements indicate 
the areas of the communication elements that receive the 
signal. 

In the theoretical^ wave propagation mode, all the 
coramimication elements monitor ambient signals while waiting 
25 for signals. A communication element having received a signal 



stores the signal in the memory and transmits the same signal 
trains at a probability of 1/n. The transmission probability 
of 1/n is pre-set to ensure that the signal propagates 
throughout the communication apparatus. Each signal train has 
a '^signal ID.'' When a coinmunication element receives signals 
having the same signal ID^ it is preferable that the signal is 
not transferred. The aforementioned operations performed by 
each communication eleihent allow a theoretical wave 
propagation signal produced at a given communication element 
to spread substantially concentrically as illustrated 
throughout the communication apparatus - 

Now, the address relay transfer mode is described below. 
Pig. 12 is an explanatory view illustrating a 
hierarchical structure of communication elements in an address 
relay transfer mode. In the address relay transfer mode, . 
multijple coinmunication elements are classified into 
1st order to Nth order ranks in the ascending order of their 
communication management capabilities. If 2 =< M =< N, the 
density of the Mth order communication elements being 
distributed is lower .than that of the (M-l)th order 
communication elements. The Mth order communication elements 
manage the (M-l)th order communication elements that are 
placed within a predetermined range therefrom and have at 
least the functions, required for communication management, 
which the (K-l)th order communication elements have. Here, 
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what is meant by the management refers to the managing of IDs 
or the like of other communication elements. For convenience/ 
comroimication elements which provide management may be called 
^^parent elements^ whereas those which are managed may be 
called ^"child elements.'' Upon processing of communications , 
the Mth order communication element can function not only, as 
the Mth order rank communication element but also as a 
communication element of the 1st to the (M-l)th order rank. 
The Mth order communication element serving as a communication 
element of a given rank manages commimication elements lower 
by one in rank which are placed in a predetermined range set, 
in that given rank* The Mth order communication- element may 
manage the {M-2)th order coinmunication elements that the (M- 

1) th order communication element manages. However, even when 
providing no management to the (M^2)th order communication 
element/ the Mth order communication element can grasp the (M- 

2) th order communication element by making inquiries to the 
{M-l)th order communication element as appropriate. 

In the relay communication apparatus, all the 
communication elements are provided with such a coverage 
setting that allows a local communication with other 
neighboring communication elements. When the communication 
elements are distributed to be spaced about 10cm from one 
another/ the coverage of the communication elements is also 
set at eibout 10cm» 
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In this case, for the spacing between the coinmunication 
elements in each rank, it is preferable that the first order 
communication elements are spaced about 10cm from one another, 
while the Mth order communication elements are spaced several 
5 times farther from one another than the <Mrl)th order 
communication elements. Accordingly, the second order 
communication elements are spaced about several tens of 
centimeters from one another. The spacing needs to be grasped 
not accurately but roughly- The first order communication 

10 elements, which are distributed most densely, convey a signal 
to other neighboring communication elements existing within., a . 
certain range, thus functioning as a fundamental . element for 
conveying the signal in this communication apparatus « As 
described above, even the second or higher order communication 

15 elements can serve as the first order . coicmunication element 
while a signal is conveyed along relays. For the transfer of 
signals in a communication apparatus, the first order 
communication elements may not have a function of managing 
other communication elements. For exan^le, in a case that 

20 sensors are placed around a first order communication element, 
the first order communication element may have a function of 
managing these sensors, as explained later. 

First, a description is given to the communication 
algorithm for a communication apparatus in which one Nth order 

25 communication element exists in the highest rank of the 
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hierarchical structure. According to this algorithm, in the 
presence of a common communication element in a higher rank of 
the hierarchical structure of a transmitting source 
communication element and a destination commionlcation element, 
the higher rank communication element receives a signal from 
the transmitting source communication element and then creates 
a route to the destination coimnunication element to transfer 
the signal. With only one Nth order communication element 
existing in the highest rank of the hierarchical structure of 
a communication apparatus, it is obvious that this Nth order 
communication el^fftent can serve at least as the higher rank, 
common communication element/ thus allowing the communication 
algorithm to effectively work. 

Suppose that an Mth order communication element is the 
transmitting source element of a signal, and the destination 
cominuhication element belongs to a lower rank of the 
hierarchical structure of the transiaitting source 
communication element. In this case, the transmitting source 
communication element itself creates a route to the 
destination communication element for transmission of the 
signal. On the other hand, when the destination communi cation 
element does not belong to a lower rank of the hierarchical 
structure of the transmitting source communication element, 
the signal is transmitted to a (M+l)th order communication 
element which is a parent element of the transmitting source 

43 



commianication element* The parent element checks whether the 
destination communication element belongs to a lower rank of 
the hierarchical structure of the parent element. If so^ the 
parent element creates a route to the destination 
cpmmunication element. If not, the parent element further 
transmits the signal to the (M+2)th order communicatioh 
elements serving as its parent element. This task is repeated 
until the signal is conveyed to the Nth order commimication 
element of the highest rank. Then,, the Nth order cJommunication 
element creates a route to the destination communicatioh 
element. According to this communication algorithm, when 
transmitting a signal to a child element of another Mth birder 
communication elCTient/ an Mth order communication element 
transmits the signal, once to a common parent element or an 
(M+l)th order coramxinication element, which in turn transfers, 
the signal to another Mth order coinmxinicatioh element . 

On the other hand, in the presence of a plurality of Nth 
order communication elements of the highest rank, the . 
transmitting source communication element and the destination 
communication element may not belong to the rank of one. Nth 
order communication element in some cases. When having checked 
that the destination communication element does not exist in 
its rank, the Nth order communication element tran.smits a 
check request to another Nth order communication element to 
search for an Nth order communication element that has the 
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destination communication element in its lower rank. As a 
result of the search, the Nth order communication element 
serving as a higher rank element of the transmitting source 
communication element sets a route to the Nth order 
communication element serving as a higher rank element of the 
destination communication element to transmit the signal along 
the route. This communication algorithm may be utilized not 
only in the highest Nth order rank but also in a rank of a 
lower order communication element. That is, according to this 
communication algorithm, when transmitting a signal to a child 
element of another Mth order communication element^ an Mth 
order communication element directly searches for the another 
Mth order communication element without using an .(M+l)th order 
cbraraunication element to transmit the signal to the Mth order 
communication element. To increase the signal transfer 
efficiency, the Mth order cqnimunication el^tttent may pre-store 
the IDs or routes of other Mth order communication elements in 
a cache or the like which exist within an appropriate range. 
The Nth order ;Commiinicat ion element serving as a higher rank 
element of the transmitting source communication element sets 
a route to the destination communication element and then 
creates a transmitted packet shown in Fig. 13 to transmit a 
signal. 

Pig, 13 is a view illustrating an example of the 
structure of a transmitted packet. This transmitted packet is 
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used to 'transfer (convey) a signal and includes the following 
data entries: 

(1) Command, 

(2) Receiving element ID, 

(3) Destination element ID, 

(4) Transmitting source element ID, 

(5) Number of ranks, 

(6) Number of relays in the Nth order rank, 

(7) Route data in the Nth order rank,. 

(8) Nxmber of relays in. the first order rank, 

(9) Route data in the first order rank, and 

(10) Transmitted data* 

This transmitted packet may also be called a '"transferred 
packet.'' Although not listed, this transmitted packet also 
includes the number of relays and route data in each of the 
second to the (N-l)th order ranks. Now, the contents of each 
data entry is described below. As described above, in an 
environment with a plurality of Nth order communication 
elements, this transmitted packet is created by an Nth order 
communication element when an Nth order communication element 
in a higher rank than that of the transmitting source 
. coiraaunication element is different from an Nth order 
communication element in a higher rank than that of the 
destination communication element* Even when the transmitting 
source communication element and the destination communication 
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element belong to the rank of one *(N+l)th order communication 
element, the (N+l)th order communication element creates the 
transmitted packet shown in Fig, 13, 

The command directs how to process the transmitted packet. 
Since the example shown above is a transferred packet for 
transferring a signal, the command has a description of codes 
related to a transfer instruction. The receiving element ID is 
an ID of the communication element that is subsequently to 
receive the transmitted packet • The destination element ID is 
an ID of the communication element at the final destination of 
the transmitted packet. The transmitting source element ID. is 
an ID of the coiamunicatioh element that transmits data signal. 
The number of ranks is a ntamber of ranks of the communication 
elements involved in signal conveyance, ^N'' being described in 
this entry. 

The number of relays in the Nth order rank is a number of 
relays of Nth order communication elements existing in the 
iroute to the final destination. The route data in the Nth 
order rank relates to the IDs and sequence of the Nth order 
communication elements that exist in the route to the final 
destination. More specifically, the route data in the Nth 
order rank includes a sequence of IDs of the Nth order 
communication elements that should be passed through in that 
order to reach an Nth order communication element that manages 
a communication element at the final destination. Upon 
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reception of the packet^ an Nth order communication element 
that is passed through deletes its own ID in the route data in 
the Nth order rank to decrement the nimiber of relays in the 
Nth order rajik by one. 
5 • liikewise, assuming that 2 =< M «< N, the route data in 

the (M-l)th order rank includes a sequence of IDs of the ^M- 
l)th order communication elements that should be passed 
through in that order to reach a subsequent Mth or higher 
order communication element, while the number of relays in the 

10 (M-l)th order rank is the count of the IDs. More specifically, 
the number of relays in the first order rank indicates the 
number of relays of communication elements in the first order 
rank that exist in the route to a subsequent second or higher 
order communication element. The route data in the first order 

IS rank relates to the IDs and sequence pf the first order 

communication elements that exist in the route to a svibsequent 
second or higher order communication element. In the absence 
of a subsequent second or higher order coroiaxinication element^ 
the route data in the first order rank relates to the IDs and 

20 . sequence of the first order communication elements that exis-t 
in the route to the final destination. The transmitted data is 
to be transmitted. 

Fig. 14 is a conceptual view illustrating rbute data in 
each rank. This example has a setting of three for the number 

25 of ranks, assujning that a signal is transmitted from the 
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leftmost third or^er coiSmunication element to the rightmost 
third order commiinication element. 

In the third order rank, the signal is conveyed from the 
leftmost third order communication element to the' rightmost 
third order communication element via the central third order 
communication element. Accordingly, the route data in the. 
third order rank includes the IDs of the central and the 
rightmost third order communication elements, which are 
sequenced in that order. . 

In the second order rank, suppose that a signal i& 
relayed from the leftmost third order communication element to 
the subsequent third order communication element located at 
the center. Xn this case, the signal passes through the three 
second order communicaition elements that exist between these 
third order communication elements • Accordingly^ the route 
data in the second order rank includes the IDs of the three 
second order communication elements and the ID of the central 
third, order coiranunication element, which are arranged, 
sequentially from the left. 

In the first order rank, suppose that a signal is relayed 
from the leftmost third order communication element to the 
"subsequent second order communication element. In this case^ 
the signal passes through the three first order communication 
elements that exist between these communication elements. 
Accordingly, the route data ill the first order rank includes 
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. ** the lbs' of 'the thlKree f rtst order 'communication elements and 
the ID of the subsequent second order controunlcation element, 
which are arranged sequentially from the left* 

An Mth order coimntinication element stores a route to an 
5 {M-l)th order commtuxicatlon element, which it manages; in the 
memory as a route passing through another (M-l)th order 
coiiamunication element. The Mth order communication element 
also stores a route to another Mth order commtmication element, 
which is placed within a predetermined range from it, in the 

10 memory as a route passing through an (M-l)tb order 

communication element. The Mth order commiinication element* can 
also serve aa the communication elements from the second to 
the (M-l)th order. When serving as a communication element in 
a given rank, the Mth order communication element manages a 

15 communication element lower in rank by one that is located 
within a predetermined range set in that givien rank. For 
exan)t)le, when serving as a second order communication element,, 
an Mth order communication element stores a route to all the 
first order communication elements, which it manages as the 

20 second order communication element, in the memory as a route 
passing through the first order communication elements- More 
specifically, a route to a given first order communication 
element ii5 set as a route passing through a plurality of first 
order communication elements « Referring to Fig, 14, to manage 

25 the second order communication elements as a third order 
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coinmuhibatlori element, 'the leftmost third order coiDmunicatlon 
element grasps the route to these second order communication 
elements and the adjacent third order communication element at 
the center. To manage the first order communication elements 
as a second order communication element, the leftmost third 
order communication element grasps the route to these first 
order communication elements and the adjacent second order 
communication element. 

Conversely, the (M-l)th order communication element 
stores at least part of the route to an Mth order 
communication element, which manages it, in the memory as a 
route passing through another (M-l)th order communication 
element. In other words, a child element recognizes a route to 
a parent element via another child element. 

^ The transmitted data signal packet includes the- route 
data in each rank that is utilized to reach the communication 
element- at the final destination, the route data being updated 
as appropriate by each communication element involved in ishe 
signal conveyance. The Mth order communication element sets 
the route data in the (M^l)th order rank. 

The transmitted packet also includes the receiving 
element IDs for identifying the communication elements that 
are subsequently to receive the transmitted packet, each 
commxuiicatibn . element determining based on the receiving 
element IDs whether the signal is addressed tp Itself. Upon 
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reception of* the ''transfaitted packet in accordance with the 
receiving element ID^ the communication element sets the 
receiving element ID to the communication element that is 
subsequently to receive the transmitted packet and then 
transmits the transmitted packet. The route data includes the 
ID of the communication element that is subsequently to 
receive the transmitted packet, the communication element 
extracting the ID from the route data to set the receiving 
element ID. In this manner, upon reception of the transmitted 
packet, each communication element updates the route data to 
successively transfer the transmitted packet. 

Fig. 15 is an explanatory view illustrating a signal 
being conveyed from a transmitting source coimnunication 
element to its parent element in the -address relay transfer 
mode. All the communication elements have an ID for 
identifying themselves- A method for getting the lb will be 
described later. Kow, assuming that each commxinication element 
has an ID, a communication algorithm for signal conveyance is 
described below in which a signal is conveyed from a 
transmitting source coinmunication element to its higher rank 
communication element. In the figure, only the communication 
elements that . are involved in the transmission are illustrated. 
However, it should be noted that other communication elements 
are also distributed in an actual communication apparatus. 
Additionally, for ease of understanding, the description is 
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'i » also given to the case in which the number of ranks is three, 

i.e., a third order coinmunication element is set at the 

! 

! highest order. The following description is given to a 

I: . specific exaxi^>le in, which a signal is conveyed from a first 

I . 

5 order communication element IDl to anther first order 

j communication element. 

First, the first order communication element (IDl) 

j transmits a signal to its parent element or a second order 

i 

communication element {ID2-1) . The first order communication 
j 10 element (IDl) stores in the memory at least part of a route 
j leading to its parent element or the second order 

communication element (ID2-1) via another first order 
I communication element. Here, the route from the first order 

communication element (IDl) leading to the second order 
j. 15 CQmmiunication element (ID2-1) is determined to lead from the 

first order communication element (IDl) to the second order 
1 communication element (ID2~1) by way of the first order 

communication element (ID2) and the first order communication 
I element (ID3) . On this route, the first order communication 

20 element (IDl) may well recognise at least the first order 
j communication element (ID2) to which the signal is directly 

transmitted. Likewise, the first order communication element 

(ID2) also recognizes at least part of the route leading to 

its parent element or the second order coinraunication element 
25 (ID2-1) . This route is set to lead from the first order 
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» , commiinicratibn' elettent (*ID2) to the second order coxomunicatlon 
element (1D2-1) by way of the first order connnunication 
element (ID3) • On this route, the first order conmiunication 
element (ID2) may well recognize at least the first order 
5 communication element (ID3) to which the signal is directly 
transmitted. Likewise, the first order communication element 
(ID3) recognizes that it can convey the signal directly to the 
second order communication element (ID2-1) • 

Suppose that the first order communication element (IDl) 

10 recognizes only the first order communication element (ID2) on 
the route leading to the parent element or the second order 
conmiunication element (1D2-1) . In this case, the first order 
communication element (IDl) conveys the signal to the first 
order communication element {ID2) . The first order 

15 communication element {ID2) detects that the signal is to be 
conveyed to the parent element or the second order 
communication element {ID2-1) and then conveys the signal to 
the first order communication element (ID3) . Likewise, the 
first order communication element (ID3) also conveys the 

20 signal to the second order communication element (ID2-1) . In 
this manner, when one child element recognizes only the other 
child element in the same rank, to which a signal is 
subsequently conveyed, on the transmission route to the parent 
element, the other child element that has received the signal 

25 rewrites the destination of the signal so as to direct the 
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, signal to ahc>1:her'*child"element recogixized by the other child 
element to convey the signal thereto » 

On the other band, suppose that the first order- 
conoAunication element (IDl) recognizes the IDs and sequence of 
5 all the first order comm\mication elements on the route to the 
parent element . In this case, the first order communication 
element {IDl) may create and transmit a signal packet for 
identifying the IDs and secpience of the first order 
communication elements on the route. Since the first order 

10 communication element (IDl) sets the route to the second order 
cpminunication element (ID2-1) , the processing burden of the 
first order coramimication element (1D2) and the first order 
communication element (ID3) that relay the signal is 
alleviated, thereby making it possible to realize a high-speed 

15 communication. 

Upon reception of a signal, the second order 
communication element (ID2'-1) refers to the table stored in 
the memory to check whether the final destination of the 
signal or a first order communication element (e.g,^ IDi?) is 

20 under the management of ID2-1 itself. The second order 

communication element has stored in the memory all the IDs of 
and routes to the first order communication elements that are 
under its. own raa^iagement. . If the destination communication 
element is xinder its own management, the second order 

25 commimicat ion element reads the route from the memory to 
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convey 'the* signal to the final destination* 

If the first order commiinication element (ID17) at the 
final destination is not wder its own management, the second 
order communication element (ID2-1) transfers the signal to 
Its parent element or a third order communication element 
(IDmax) . The second order communication element (ID2-1) has 
the route to its own parent element pre-stored in the memory. 
A route passing through first order communication elements to 
the parent element is stored as described above. In this 
manner,, the signal is transmitted to the highest third order 
communication element (lUmax) • The third order communication 
element (IDmax) determines the route to .the first order 
communication element (ID17) to transmit the signal. 

Fig. 16 is an explanatory view illustrating a signal 
being conveyed from a higher rank communication element to a 
destination communication element in the address relay 
transfer mode. Referring to Fig, 15, when the signal is 
transferred to the third order coramunipation element (IDmax), 
the third order communication element (IDmax) creates a route 
passing through second order communication elements that are 
under its own management. In the exan^le illustrated, set as 
route in the second order rank is the route passing 
sequentially through the second order communication element 
(ID2-2), the second order commimication element (ID2-3) , and 
the second order coramiuiicatlon element {ID2-4) . Determined as 
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a roulbe ' in tlie flltst order rank Is the route passing 
sequentially through the first order communication elements 
from the third order coimnunication element (IDmax) to the 
second order consaunication element (ID2-2) . The third order 
cc^nmunication element (IDmax) does not need to grasp the route 
from the second order cdinmunication element (ID2-4) to th^ 
first order communication element (ID17) at the final 
destination. This route may be set later by the second order 
communication element (ID2-4) . Likewise, the third order 
communication element (iDmax) does not need to grasp the route 
of the first order communication elements between the second 
order communication elements. This, route may be set later by 
each of the second order communication elements. In this 
coimnunication algorithm, a higher order coramionication element 
manages a lower rank communication element to set a route. 

Fig. 17 is an explanatory view illustrating a signal 
being conveyed to a destination communication element in the 
address relay transfer mode without passing through a higher 
order managing communication element. In this example, the 
signal is conveyed from the second order communication element 
(ID2-1) to the first order communication element (ID17) via 
second order communication elements without passing through a 
third order conmiunication elements For ease of understanding, 
a description is given to the case in which the number of 
ranks is two, i.e., a second order communication element is 
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defined as the highest order one. This cozDzaunication algorithm 
can be used in conjunction with the communication algorithm 
described in relation to Fig. 16, in the case of which the. ' 
third or higher order communication elements are present in 
5 the communication apparatus. , For convenience in description, 
IDs of the first and second order communication elements are 
successively shown; however, IDs may be set randomly in an 
actual communication apparatus. . 

The second order communication element (ID2-1) searches 

10 for a second order communication elSement that manages the 
first order communication element (ID17) at the final 
destination of the signal. First, the second order 
communication element (ID2-1) refers to the table stored in 
the memory to check whether the first order communication 

15 element (ID17) is under its own management. The second order 
communication element has stored in the memory all the IDs of 
and routes to the first order communication elements that are 
under its owri management. If the destination coramvmieation 
element is under its own management, the second order 

20 communication element reads the route from the memory to 
convey the signal to the final destination. 

If the? first order coimnunication element (ID17) at the 
final destination is not under its own management, the second 
order communication element (ID2-1) transmits a check request 

25 to other second order communication elements placed within the 
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^ • management' r^giod to cReck whether they manage the first order 
coittraunicatipn element (ID17> . For simplicity in description. 
Fig. 17 Illustrates only. one second order communication 
element (102-2) which Is und^r management of the second order 
5 communication element {ID2-1) ; however, in practice, a 

plurality of second order communication elements exist within. 
. the management region of the second order commuhicatlon 
element (ID2-1) • Thus, the second order communication element 
(ID2~1) transmits the check request to all the second order 

10 communication elements under its management. Each of the 
second order communication elements that have received the 
check request refers to the table stored in the memory to 
check whether the first order communication element {ID17) is 
under their management. If the check result shows that it is 

15 not under their management, each of the second order 

communication elements reports the check result to the sepond 
order communication element (ID2--1) / Upon reception of the 
check result, the second order commxinication element (ID2-1) 
extends the check range. To this end, the second order 

20 communication element (ID2~1) instructs the plurality of 
second order communication elements that are under its 
management to transmit a check request to second order 
communication elements that are under their management. In . 
this manner, the check request is conveyed along relays in the 

25 rank of the second order communication elements. Finally, the 

59 



, ^ check' request is trcinsmitted from the second order- 
communication element (ID2-2) through the second order 
conimunication element^ (ID2-3) to the second order 
communication element (ID2-4). At this time, the first order 
5 communication element (ID17) is proved to be under the 

management of the second order communication element (ID2-t4) . 
Then, the second order communication element (ID2-4) returns 
the check result to the second order communication element 
(ID2-1) . This allows the second order communication element 

10 (ID2-1) to know the approximate location of the first order 
communication element (ID17), and acquires the route to the 
second order communication element (ID2-4) as a route passing 
through second order coramunication elements. The signal is 
transferred .in the first order rank; however, the second order 

15 communication element (ID2-1) does not need. to have 

information on the first orcier coirattunication elements that are 
•out of its msinagement, and does not need to grasp the route 
from the second order communication element (ID2-4) to the 
first order communication element (ID17) . 

20 This commiHiication algorithm can be used in conjunction 

with the communication algorithm described in relation to Fig. 
16. For example^ in the communication algorithm of Fig. 17, 
when no second order communication element (ID2-4) exists 
within a predetermined range from the second order 

25 communication element (ID2-1), a packet may be transmitted to 
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the third drder Commxinlfcation element (IDmax) to request the 
third order conmninication element (IDmax) to create a route. 

Then, the second order commanication element {ID2-1) sets 
the data on the route to the second order communication 
element (ID2-4) in the second order rank and the data on the 
route to the second order communication element (102-2) ip the 
first order rank, to create a transmitted packet. More 
specifically, the data on the route to the second order 
communication element (ID2-4) in the second order rank is the 
data on the route passing sequentially through the second 
order communication element (ID2-2), the second order 
communication element (ID2-3), and the second order 
communication element (ID2-4) . The data on the route to the 
second order communication element (ID2-2) in the first order 
rank is the data on the route passing sequentially through a 
first order coinmunication element (ID4), a first order 
communication element (IDS) , a first order communication 
element (ID6) , a first order communication element (ID?), and 
the second order communication element (ID2-2) . 

Fig- 18A is a view illustrating the structure of a 
transferred packet created by the second order communication . 
element (ID2-1). Refer to the description made in relation to 
Fig. 13 for detailed contents of the data entries. Data entry 
(1) has a description of code ^^0001,''' which indicates a 
transfer instruction* Data entry (2) has a description of 
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"^104/" 'Which' iderttify Che corainunication element that is 
stabsequently to receive the packet. Data entry (2) is updated 
each time the conmmnication element receives the packet • Data 
entry (3) has a description of ''IDl?," which identifies the 
final destination of the packet. Data entry (4) has a 
description of ^^IDl," which identifies the transmitting source 
coram\inication element of the signal. Data entry (5) has a 
description of ^^2," the value of which identifies the number 
of ranks . 

Data entry (6) . has a description of ^^3,'" the value of 
which identifies the number of relays in the second, order rank. 
Data entry (7) has a description of ^^ID2-2, ID2-3, and ID2-4," 
which identify the route in the second order rank in 
conjiinctioh with the sequence of their description. Data 
entries (6) and (7) are updated each time the second order 
communication element receives the packet. Data entry (8) has 
a description of ^"5,"' the value of which identifies the niamber 
of relays in the first order rank. Data entry (9) has a 
description of ^^ID4, IDS, ID6, ID7, and ID2-2," which identify 
the route to the subsequent second order communication element 
in the first order rank in conjxmction with the sequence of 
their description. The ID described at the end of the data 
entry (9) is an ID of a second order or higher communication 
element unless the element is the first order final 
destination. Data entries (8) and (9) are updated each time 
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the first order communication element receives the packet. 

The transferred packet shown in Fig, 18A is transmitted 
from the second order communication element {ID2-1) to within 
the coverage. As a result, based on the description of the 
receiving element ID (ID4) of the data entry <2) , the first 
order communication element (ID4) receives the transferred 
packet and then updates the contents of the predeterniined data 
entry, followed by transmitting the transferred packet to the 
first order communication element (IDS). 

Fig. 18B is a view illustrating the structure of a 
transferred packet created by the first order communication 
element (ID4) . The first order communication element (ID4) 
refers to the data entry (9) (see Fig. 18A) to write "^ID5 an 
ID of the communication element that is sxibsequently to 
receive the packet, into the data entry (2) • At the same time, 
the first order communication eiement (ID4) deletes its own ID, 
described at the head of the data entry (9), from the data 
entry (9), and decrements by one the number of relays in the 
first order rank in the data entry (8) . The first order 
communication element (ID4) performs this transfer processing 
to create and transmit a transferred packet- This transferred 
packet is relayed through a plurality of first order 
communication elements to be supplied to the second order 
communication element (ID2-2) along the route indicated by the 
route data in the first order rank. 
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Fig.' 18C a vlfew Illustrating the structure of a 
transferred packet created by the second order coinmunication 
elejaent (ID2-2) . The second order coraiBunication element (ID2- 
2) refers to the data entry (9) to recognize that it is the 
last element in the route data in the first order rank. This 
allows the second order communication element (ID2-2) to 
delete its own ID in the data entry (7) and write the route 
data in the first order rank indicative of the route to the 
second order communication* element (ID2-3) into the data entry. 
19). More specifically, the second order communication, element 
(ID2-2) writes ^ID8, ID9, IDIO, ipll, and ID2-3" to the data 
entry (9) as the route data in the first order rank^ and sets 
the number of relays in the first order rank to ^^5^' in the 
data entry (8), Additionally, the second order communication 
element (ID2-2) sets the number of relays in the second order 
rank to ^^2'' in the data entry (6) . At the same tim^e, the 
second order communication element (ID2-2> writes ^^ID8,'' an ID 
of the communication element that is subsequently to receive 
the packet r into the data entry (2) • The second order 
communication element (ID2-2) performs this transfer 
processing to create and transmit a transferred packet. This 
transferred packet is supplied to the second order 
communication element (ID2-3) along the route indicated by the 
route data in the first order rank« The aforementioned 
transfer processing is performed repeatedly to supply the 
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transf errdd packet to 'the second order commujiication element 
(ID2-4) . 

Fig* 18D is a view illustrating the structure of a 
transferred packet created by the second order coitanunication 
element (ID2-4) . The second order coxronunication element (ID2- 
4) refers to the data entry (9) to recognize that it is the 
last element in the route data in the first order rank along 
the route from the second order communication element (ID2-3) 
to the second order communication element (ID2-4) , This allows 
the second order communication element (ID2-4) to delete its ' 
own ID from the data entry <7) and sets the number of relays 
in the second order rank to^ ^"0" in the data entry (6). Then, 
the second order communication element (ID2-4) writes , the 
route data in the first order rank indicative of the route to 
the first order communication element (ID17).at the final 
destination into the data entry (9). More specifically, the 
second order communication element (102-4) writes ^^ID16 and 
ID17'' into the data entry (9) as the route data in the first 
order rank, and sets the number of relays in the first order 
rank to ^^2^' in the data entry (8) . At the same time, the 
second order communication element (ID2-4) writes "^1016," an 
ID of the communication element that is subsequently to 
receive the packet, into the data entry (2) . Thereafter, the 
second order commimication element (ID2-4) transmits the 
transferred packet. This transferred packet is supplied to the 
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' first of der cammunication element (ID17) along the route 
indicated by the route data-in the first order rank. 

The aforementioned operations allow the transmitted data 
to be conveyed to the final destination. As described above, 
this example provides the communication apparatus having two 
ranks; however, the number of ranks is not limited theretcT. 
Three or more ranks can also realize the same data transfer 
function. 

The communication algorithm of a communication apparatus 
in the address relay transfer mode has been described above 
assTiming that each communication element has an ID and a 
parent element pre-recognizes the routes to all the child 
elements and a child element pre-recognize? the route to the 
parent element. Now, an algorithm is described below in 
accordance with a coiiuminication apparatus according to this 
embodiment, in which an ID is set to each coiiimuhication 
element, which spontaneously acquires routes to its own child 
elements and a route to its parent element. 

Turning on the power of the commtanication apparatus will 
cause all the communication elements to. generate random 
numbers having a predetermined number of digits, which are in 
turn stored in the memories as an ID. it is preferable that 
the number of digits is large enough to reduce the risk of .an 
accidental agreement between the communication elements. Each 
of the communication elements is classified into each rank 
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using a pre-implemented program. At this point in time, no 
communication element has any information regarding which 
communication elements exist in its neighborhood. 

First, a second order communication element transmits a 
"neighborhood response request." Upon reception of the 
neighborhood response request, a first order comm\mication' 
element returns its own ID to the second order communication 
element. The ID of the first order communication element is 
utilized to temporarily identify the first order communication 
element. As used herein, . the term "the second order 
conimunication element* refers to a communication element that 
can realize the function as the second order communication 
element, being conceptually treated as including the third 
order or higher communication element. As described above, 
since the coverage of each communication element is set to 
such an extent that allows communications with its neighboring 
communication elements, only the first order communication 
elements placed in the neighborhood of the second order 
communication element can receive the "neighborhood response 
request." The second order communication element stores the 
first order communication elements that have returned their 
IDs as "distance 1 communication elements," with new IDs being 
assigned thereto in the order in which they sent their 
responses. This assigned ID and the ID of the second order 
communication element serving as a parent element in the 
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second order rank"* are coinbined into an ID in the second order 
or lower ranks. Thereafter^ the neighborhood response request 
is repeated three times to determine the first order 
coinm\inication elements that have sent their response twice or 
more as the "distance 1 communication elements." In this 
manner, IDs are assigned in each rank up to the highest rahk, 
so that all the IDs assigned up to. the highest rank are 
finally combined into an ID, which is the ID of the 
conuitoinication element in the communication apparatus. 

Fig. 19 illustrates the structure of the neighborhood 
response request packet. This packet includes the data 
entries: a "command," an "order of the responding element," 
and a "parent element ID;" More specifically, the "command" 
has a description of a neighborhood response request code, 
e.g., "0010." The ^'order of the responding element" has a 
description of "1" because this packet includes a command 
provided to a first order comm[unication element. The "parent 
element ID" has a description of the ID of the second order 
commlmication element that has transmitted the neighborhood 
response request. 

Subsequently, the second order communication element 
transmits the "neighborhood check request" to the "distance 1 
communication elements" to which their IDs have been assigned. 
The first order communication elements that have received the 
neighborhood check request transmit the neighborhood response 
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request to check for neighboring first order conmunication 
elements* Upon reception of the neighborhood response request, 
the neighboring first order coimnunication elements send their 
provisional IDs back to the first order communication element 
that has transmitted the neighborhood, response request. The 
first order communication element that has received the 
responses from the neighboring first order communication 
elements transmits these responses to the second order 
communication element, which in turn receives the responses to 
define the first order communication elements that have 
returned their IDs as a ^Mistance 2 communication element,'' to 
which a new ID is assigned. Preferably, a first order 
communication element that the second order communication 
element has already assigned a new ID does not respond to the 
neighborhood response request. In this manner, the second 
order communication element stores in the memory the IDs of 
and routes to the first order communication elements located 
within up to distance 2. The second order communication 
element repeatedly transmits the neighborhood check request to 
set IDs to and manage an increased number of first order 
commvinication elements and successively set routes to the 
first order communication elements that it manages. 

Fig, 20 is a view illustrating the structure of a 
neighborhood check request packet. This packet includes the 
following data entries: a "^command,'' a ^receiving eleinent ID,'' 
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, ' an ^order of the responding element^'' a ^^parent element ID^'^ 
the ^'number of relays in the first order rank," and ^^route 
data in the first order rank.'' More specifically^ the 
^command'* has a description of a neighborhood check request 
5 code^ e.g.^ "^OilO.'' The "^order of the responding element^' has 
a description of because this packet includes a connaana 
provided to a first order coimnunication element. The ^^parent 
element ID" has a description of the ID of the second order 
communication element that has transmitted the neighborhood 
10 response request. The ^^receiving eileinent lb/'' ^"number of 

relays in the first order rank, " and '^route data in the first, 
order rank'' are as described in relation to Fig. 13. Upon 
reception of the neighborhood check recjuest, the first order 
communication element that is described at the end of the 
15 route data in the first order rank transmits the neighborhood 
response request to the neighborhood. 

At the stage where a new ID has been set to the first 
order communication elements, the second order communication 
element conveys the '"route from. the parent element to the 
20 child element'' and the ^number of relays'' in a "^neighborhood 
copy request^ to the first order communication elements, 
serving now as a child element, for storage. 

Fig. 21 is a view illustrating the structure of a 
neighborhood copy request packet. This packet includes the 
25 following data entries: a ^command,'* a '^"receiving element ID," 
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a "^parent element ID," the '^number of relays in the first 
order rank," ^^route data in the first order rank," and ^data." 
The ''command" has a description of a neighborhood copy request 
code, e.g., ""lOOO." The "receiving element ID" has a 
description of an ID setting, while the 'Matar has a 
description of the "route from the parent element to the child 
element" and the '^number of relays." Opon reception of the 
neighborhood copy request, the first order communication 
element transmits the information in a ''check report" to the 
second order coiwnunication element serving as the parent 
element. 

Fig. 22 is a view illustrating the structure of a check 
report packet. This packet, includes the following data 
entries: a "command," a "receiving element ID," a "parent 
element ID," the "number of relays in. the first order rank, f 
"route data in the first order rank," a "distinction between 
actual and non-actual parents, " and a "transmitting source 
element ID." The "command* has a description of a check report 
code, e.g., "1001." The "parent element ID" has a description 
of the ID of the second order commvmication element that has 
set the ID. The "receiving element ID," "number of relays in 
the first order rank," and "route data in the first order 
rank" are as described above. The "transmitting source element 
ID" has a description of the new ID that has been set by the 
parent element. The actual and non-actual parents will be 



described later. 

The second order conmunication element that has received 
the check report transmits a ^relay acknowledgement notice.'' 
The first order cbramunication element that has received the 
relay acknowledgement notice determines the ID of and the 
route to the second order communication element serving as' the 
parent element, for storage in the memory. Although at an 
extremely low probability, IDs of a plurality of first order 
communication elements could be ccinceivably identical to each 
other. Accordingly, when having received reports on different 
routes twice from the first order communication elements 
having the same ID, the second order communication element ' 
serving as the parent element transmits a ^^relay ID change 
request" to change the ID of one of the first order 
communication elements. 

Fig. 23 is a view illustrating the stxticture of a relay 
acknowledgement packet- This packet includes the following 
data entries: a ^"command, " a ^^receiving element ID," a ^^parent 
element ID," the ^number of relays in the first order rank," 
and ^^route data ±n the first order rank." The "^command" has a 
description of a relay acknowledgement notice code, e.g., 
^^XOIO." 

Fig. 24 is a view illustrating the structure of a relay 
ID change request packet. This packet includes the following 
data entries: a ^'command, " a receiving element ID," a ^^parent 
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element ID," the '"number of relays in the first order rank," 
'"route data in the first order rank," and a *^ew ID." The 
"command" has a description of a relay ID change request code, 
e.g., «101l." The ^hew ID" has a setting for avoiding 
duplicate IDs. 

Even after having determined its own parent element/ the 
first order commuhication elmaent responds to the command from 
other siscond ordfer communication elements. A parent element 
that has been determined for the first time is called an 
^actual parent." The first order communication element informs 
the second order communication elements other than the actual . 
parent that the actual parent already exists. As an "actual 
child," the second order communication element registers the 
first order communication elements having itself as their 
actual parent . 

Through the aforementioned procedure, the second order 
communication element forms a hierarchical structure having 
the first order elements, placed up to distance L, as child 
elements. The first order elements include other second order 
communication elements. Eventually, the second order 
communication element may delete all the child elements, which 
are not on the routes leading to other second order 
communication elements, other than the actual child elements. 

In this manner, the second order communication element 
sets the first order communication elements, placed within a 
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predetermined, distance, as child elements, and stores the ID 
of each child element and the route to each child element in 
the memory. This procedure is performed in all ranks. No 
neighborhood response request is transmitted between an Mth 
5 order (the third or higher order) communication element and an 
{M-l)th order C(»innunication element. This neighborhood 
response request is a signal intended to be directly received 
by neighboring communication elements. Since the distance 
between the Mth order (the third or higher order) ■ * . 

b communication element and the (M-l)th order communication 

element is larger than the coverage of the signal, the (M-Dth 
order communication element cannot directly receive the 
neighborhood response request transmitted by the Mth order 
• connnunication element.' 

The Mth order (the third or higher order) coirauunication 
element transmits a «relay neighborhood response request" to 
adjacent (M-l)th order coramunicatipn elements. When the Mth 
order communication element has created a table of (M-2)th 
order elements as an (M>-l)th order communication element, the 
Mth order communication element has already registered these 
adjacent (M-l)th order communication elements which exist in 
its neighborhood. The hierarchical structure has the ranks 
formed sequentially in the ascending order. The (M-l)th order 
communication element that has received the relay neighborhood 
response request transmits the relay neighborhood response 
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request to other (M-l)th order communication elements serving 
as its child elements. A third or higher order commiinication 
element, which can serve as a communication element of each of 
the third order to its own ranks, transmits the relay 
neighborhood response request as the communication element of 
each rank to set communication elements lower In rank by one 
under the management and each of the routes leading to th^ 
communication elements. 

Fig. 25 is a view iHustratirig the structure of a relay 
neighborhood response request packet. This packet includes the 
following data entries: a ^^cdinmand, a ^receiving element ID," 
a "destination element ID," an ^'order of the responding 
element," a ^^parent element ip," the '^number of relays in the 
(rt-l)th order rank," «route data in the (M-l)th order rank," 
the ^number of relays in the first order rank," and ^route 
data in the first order rank." 

The aforementioned algorithm for setting IDs and routes 
is repeated for up to the Nth order communication elements, 
thereby creating a hierarchical structure of the communication 
elements and determining the routes to child and parent 
elements. As described above, the communication apparatus 
according to this embodiment can automatically define the ID 
of each communication element and the route leading to each 
communication element. In particular, when communication 
elements whose IDs have not been set are randomly placed on an 
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electrically conductive layer, this automatic setting 
algorithm is very useful. Furthermore, even in the presence of 
failure in a commiinication element or a break in the 
electrically conductive layer, this algorithm for 
automatically setting IDs and routes makes it possible to 
change the ID or route as appropriate and thereby recover ^he 
communications capability. Thus, it is possible to solve the 
problem that a break in a conductive wire may make a 
conventional circuit board inoperable. 

For exan^jle, using this communication teGhnology, a 
plurality of circuit elements can be implemented such that the 
circuit elements that have a communications capability of 
conveying a signal within the predetermined coverage are 
distributed on an electrically conductive circuit board. Since 
no conductive, wires are formed, circuit elements can be 
mounted at any points, thereby making it possible to aivoid the* 
conventional problem of a large area being required fox 
conductive wires, 

[Second Enjbodiment] 

Now, the present invention will be described below in 
accordance with the communication apparatus being provided 
with an additional sensor function according to a second 
embodiment. Hereinafter, a specific exanple is shown in which 
the communication apparatus according to the present invention 
is provided with an additional tactile sensor and used for an 



artificial skin or the like. Those skilled in the art should 
readily understand that any type of sensor other than tke 
tactile sensor, such as a tCTiperature senor or an auditory 
sensor, may also be attached to the communication apparatus. 

As an example, tactile sensors are placed around a first 
order conmxunication element in the communication apparatus 
according to the first embodiment. In the communication 
apparatus, the tactile sensor functions as a zeroth order 
communication element and may have no functions such as a 
function for. transferring signals. The tactile sensor ig 
• adapted to be able to communicate with its neighboring first 
order communication element serving as its parent element. The 
tactile sensor has the same coverage as that of each 
communication element and is able to convey a signal directly 
to a first order communication element serving as the. parent 
element. Suppose that this communication apparatus is applied 
to an artificial skin. In this case, tactile sensors are 
preferably distributed more densely than first order 
communication elements and made to have a sense of touch as 
close to the human akin as possible. The ID of the tactile 
sensor is set in a manner such that a first order 
communication element transmits the neighborhood response 
request and then sequentially assign a new ID to the tactile 
sensors that have responded thereto. With a tactile sensor 
having a small area, the first order communication element 
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serving as a parent element may be replaced with a host 
computer. In this case, the communication between the host 
computer and the tactile sensor corresponds to the direct 
communication scheme. Now, the tactile sensor that can be used 
in the second embodiment will be described below • 

Ihe second embodiment relates to a tactile sensor wh'ich 
detects the distribution of pressures produced through a 
contact with -a target" object, and the resulting sense of touch 
and movement such as sliding of the object- More particularly, 
the second embodiment relates to a tactile sensor for a robot 
hand, an artificial skin for a pet robot or care-giving robot, 
a sensor for evaluating sensibility such as texture, and the 
technical field of virtual reality in which a feeling of touch 
is detected for the human to eaqperience it on a tactile 
display. 

As the tactile sensor, many methods have been suggested 
for devices such as a film-shaped pressure-sensing sensor 
array; however, no devices exist yet which can detect 
information equivalent to the human's feeling of touch. The 
main reason for this is that a flexible sensor has not yet 
been realized which can detect a pressure distribution at high 
densities and can expand and contract. 

As an approach to this problem, ^Tactile sensor' and 
system for sensing the feeling of touch" was suggested in 
Japanese Patent Laid-Open Publication No. Hei 11-245190. 
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. ■ However, this method lead to a significant loss of energy due 
to power being supplied to tactile elements through a free 
space and signal transmission. Additionally, the tactile 
sensor Itself produced noises having an effect on other 
5 sensors and communications. 

TO fabricate the tactile sensor, it is necessary to ' 
densely distribute infinitesimal sensor elements in a wide 
range to detect dejformation in the skin. However, the 
conductive wires for reading signals from each element were 
10 susceptible to damage due to deformation and compromised the 
flexibility of the tactile sensor itself, it was also 
difficult to read signals from the small elements at a high 
signal-to-noise ratio. 

In view of the aforementioned probleais, it is therefore 
the object of the second enibodiment tp provide a tactile 
sensor which has a deformation-resistant electrically 
conductive structure to read signals from each element and can 
read signals from the small elements at a high signal-to-noise 
ratio . 

According to the second embodiment, the conventional 
problems are addressed using the following tactile element or 
tactile chip which allows a detected tactile signal to be 
coded in an internal circuit of the element and then delivered 
as a serial signal. The tactile chip has electric contacts, 
one on the front and the other on the back, which are 



connected to two" elastic layers of electrically conductive, 
iubber, respectively. All the tactile chips can be connected 
only to the connnon sheets of electrically conductive rubber, 
such that a required number of tactile chips are sandwiched 
5 between the two sheets of electrically conductive rubber to 
establish electrical contact, thereby providing complete ' 
electrical connection to each element. Each tactile chip with 
their own ID number is designated by a computer connected to 
the two sheets of electrically conductive rubber to read data 
0 therefrom. This configuration allows data to be read from 
densely distributed tactile elements without providing 
individual conductive wires to each element. Furthermore, 
since the stress is coded and transmitted at the very spot 
where it has been detected, it is possible to perform 
measurements at .a high signal -to-noise- ratio . 

Now, the second embodiment is described in more detail. 
Fig. 26 is a schematic view illustrating a tactile sensor 
which employs tactile chips 1 and electrically conductive 
rubber sheets 2, 3 according to the second embodiment. The 
tactile sensor is constructed such that the tactile chips 
{hereinafter also referred to as the ^.tactile elements") 1 are 
sandwiched between the electrically conductive rubber sheets 2 
and 3. The tactile chip 1 converts an externally applied 
pressure into an electric signal. A host camputex 4 serves to 
apply a vbltage to the electrically conductive rubber sheets 2 
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and 3. • 

Fig. 27 is a cross-sectional view illustrating the 
tactile sensor. The tactile chip 1 is provided at its top and 
bottom with electrodes 6a and 6b, respectively. The electrodes 
6a and 6b contact electrically with the electrically 
conductive rubber sheets 2 and 3, respectively. There is ' 
provide an insulating layer 7a between the electrically 
conductive rubber sheets 2' and 3^ with an insulating layer 7b 
being provided on the top of the electrically conductive 
rubber sheet 2, The surface 5 of the insulating layer 7b may 
be exposed outwardly. 

Now, the operation of the entire tactile sensor is 
described below. 

Fig. 28 is a view illustrating the voltage of a signal to 
be transmitted to each element from the computer of the 
tactile sensor according to the second embodiment, and the 
input/output, impedance between the tenainals of each element. 

Fig. 28A illustrates the voltage that is applied to the 
sheet of electrically conductive rubber by the computer 
connected to the electrically conductive rubber. Figs* 28B and 
28C represent the input and output impedance between the 
electrodes of each tactile chip. Upon turning power on, the 
ixopedance between the two terminals of all the chips is low, 
such that the Voltage applied causes a current to flow into 
each chip to thereby build up energy for operation* The 
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tactile chips are enabled after a predetermined period; of time 
has elapsed, and the host computer 4 connected to the two 
electrically conductive rtibber sheets 2 and 3 sends an ID 
signal of 16 bits. 

In this example, it is to be understood that the - 
■ communication circuit of the chip operates at SMHz, allowing a 
signal to be exchanged at IMHz between the computer and the 
tactile chip. The clock of the computer is not synchronous 
with that on the tactile chip. Accordingly, the con5>uter sends 
32 pulses Immediately after power is turned on, and each 
tactile chip records the nufiaber of clocks on its own chip 
which have been counted until the arrival - of the 32 pulses, 
thereby measuring the frequency ratio between the clock of the 
signal from the computer and its own clock. This operation is 
performed only once after the power iis turned on, and 
hereinafter this ratio is used for communications. 

When the tactile chip has received an ID signal from the 
computer and the ID is different from that of the tactile chip 
itself, the tactile chip waits for a certain period of time 
until the subsequent ID signal is sent, with the in5>edance 
between the terminals remaining at the high level as shown in 
Fig. 28B. • If. the received ID is identical to its own ID, the 
tactile data of 32 bits stored is transmitted as shown in Fig." 
28C. The total time required for one chip to receive an ID and 
send a signal is SOiisec. JEach element measures pressure 
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independently of their' communications, updating the data held 
in the chip every 1msec. This communication scheme corresponds 
to the direct communication scheme described above. 

Fig. 29 illustrates the principle of the structure of an 
5 artificial skin according to the second embodimeni:. Fig. 29A 
is an explanatory view illustrating the principle of signal 
transmission according to the direct communication scheme.. The 
tactile chip 1 has electric contacts on its top and bottom, 
the contacts being electrically connected to two commiinication 
0 layers 36. A switch 38 insid^ the tactile chip i is opened or 
closed, thereby allowing the potential between the 
coniinunication layers 36 to transmit a signal. Now, let the 
area of the artificial skin be S and the capacitance between 
the communication layers 36 be C(F). Then, since C==eoS/d 
(where d is the spacing between the communication layers 36) 
C is approximately equal to 1 (nP) at S=0.1(m2) and d=l(mia). 
Now, let the surface resistance of the communication layers 36 
be p (which is the resistance across opposite sides of a • 
square cut out of the layer). Then, at a time constant x - pC 
or greater, events can be described using the lumped constants, 
as shown in Fig.. 29B. Fig. 29B is a view illustrating an 
equivalent circuit at a frequency that allows the potential 
across the communication layers 36 to be considered constant. 
NOW, let p = 100 (Q), and then x = 0.1 (usee), if the artificial 
skin has an area measuring about 30cm per side, this method 
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• ' makes it possible to transmit a signal at about IMHz from the 
tactile chip 1, allowing the signal to be observed at a given 
point in the communication layers 36. 

Pig. 29C is a view illustrating the fundamental circuit 
5 configuration of the tactile chip 1. As illustrated, the 
tactile chip 1 receives a current i (about 30(>iW) during ' 
operation at 10 (MHz)) required to operate the tactile chip 1 
via a diode frcan a signal layer. Assuming . that the total 
number of the elements n is approximately equal to 1,000, the 
10 total current Consumed by all the elements during standby, ni, 
is equal to about 30 (mA), with the equivalent resistance 
between the communication layers 36 caused by this current 
being approximately equal to 100(D). For exanple, suppose that 
the period of time during which the output from each element 
is high occupies -a" times the entire period. In this case, 
the total current flowing into all the elements during the 
high state, J, is equal to ni/a. If an operating voltage can 
be provided between the two layers even after the voltage drop 
caused by the current is subtracted therefrom, signals can be 
exchanged at the same time as power is supplied. 

For exan^jle, each eloaent can communicate with the host 
computer as described below. Each element observes an external 
signal while maintaining the switch in the off position. The 
potential of the signal layer is high in the absence of 
signals, and all pieces of data arid commands become high at 
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. • every m'bits 'in principle (e.g., in=4) . According to this rule, 
power is positively supplied to the elements. 

A continuation of the low state for m+i bits or more is 
a sign for the host coii?>uter to transmit a signal immediately 
5 after the continuation. Thereafter, when the address data of 
16 bits from the first falling edge is identical to the pre- 
set own ID, the element transmits tactile data. The host 
computer acquires the data. 

Due to a variation in the ratio between the clock 
0 frequency F of the signal transmitted from the host coniputer 
and the clock frequency G of the element (G > F) , the 
following procedure is executed immediately after power is 
turned on to observe and store the ratio between F and G. 

Pig. 29D is a view illustrating a circuit for detecting 
power being turned on. This circuit detects power immediately 
after having been turned on, and starts counting a certain 
number of input pulses immediately thereafter. Immediately 
after power is turned on, the host computer applies a 
communication clock signal to the communication layers 36- 
While counting a predetermined number of signal clocks, the 
element counts simultaneously the number of internal clocks of 
the. element to compute the ratio of the cycle of the input 
pulse and its own clock cycle. Hereinafter, the element reads 
the signal from the communication layers 36 based on the ratio. 
When the element itself produces a signal, it generates the 
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signal at the same cycle as the host ctsigjuter does. 

With Ci < C2, application of a voltage between A and G 
will cause first the terminal B to become high, and then the 
terminal D to rise. At the same time terminal B rises, the 
clock of the tactile chip 1 is turned on, allowing the main 
circuit to operate when both B and D become high. The 
operation for calculating the clock ratio, which is to be 
' initiated only when B is high and D is low, is performed only 
once immediately after power is turned on. 

Figs. 30 to 32 illustrate the structure of the tactile 
sensor chip and the principle of detecting stress. Here, Fig. 
30A is a side view illustrating the tactile chip. Pig. 3OB 
being an exploded view illustrating the tactile chip; Fig. 30C 
being a view showing the surface of an LSI chip and components 
to be added to the LSI chip. Fig. 3 OA shows dx equal to 100pm 
and d2 equal to 100pm, Fig. 3OC showing dj eqiial to 3mm and d« 
equal to Inm. Pig. 30C shows an electrode 6. 

There are formed four electrodes El to E4 on the surface 
of the LSI chip lb, while inside the LSI chip, a self-excited 
transmission circuit as shown in Fig. 31 is incorporated in 
conjunction with a communication digital circuit. The LSI chip 
lb is connected at its top with a component la of metal 
(phosphor bronze) . 

As shown in Pig. 31,. terminals SI and S2 of the 
transmission circuit are connected via switches within the LSI 
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selectively to two of the electrodes El to E4, such that 
transmission occurs with a time constant RC that is given by a 
capacitance of C established between the electrodes via the 
metal component la and a resistance of R ifi the circuit. Since 
the capacitance C is determined by the distance between an 
electrode on the LSI and the metal cotaponent la adhered ' 

« 

thereto, the distance between the specified electrode and the 
metal conqoonent la can be found by knowing the frequency of 
the transmission circuit. Therefore, this makes it possible to 
find the deformation of the mietal conqponent la resulting from 
a stress applied to the entire chip. For a large capacitance., 
between the electrodes El to E4 arid the ground layer of the 
LSI, an individual transmission circuit can be formed of each 
electrode Ei and the corresponding are of the metal component 
la to observe the transmitting frequency at each of the four 
sites. 

The aforementioned measurement principle is described 
again below using equations. 

Now, assume that Ci represents the capacitance between 
the electrode Ei (i= 1 to 4) and the metal component la, and 
the terminals SI and S2 of the transmission circuit are 
connected to the electrodes Ei and E j . The capacitance C 
coupled to the terminals 51 and S2 is given by 

1/C •= 1/ Ci + l/Cj . 
With the capacitance C, the transmission circuit transmits at 
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frequency of fij = a/RC, where a is a constant. Therefore, 
with Ei and Ej being connected to SI and S2, the transmitting 
frequency is given by 

fi3.= a/R-(l/coS)-{di + dj), 
where d-i ig an average distance between the electrode Ei and 
the metal, component la, co is the dielectric constant of a'ir, 
and S is the area of each electrode. 

Therefore, tased on this transmitting frequency, the 
average distance between the selected two electrodes and the 
metal con^onent la can be found. 

Now, suppose that with the x-y axes defined as shown in 
Fig. 31, a distributio^i of vertical stress, p(x, y) , is given 
on the surface of the metal component la. In this case, an 
average pressure PO, and its differential coefficients with 
respect to x and y, p, and py, are related to the transmitting 
frequency as ejqsressed by the following equations: 

pO - -p(Afi2 + Af34), 

p,= (a/5x)p y(Af24 - Afi3), and 

PyS (a/ay)p = -Y(Afl2 ~ Af34), 

where Afij is a change in transmitting frequency fij with 
respect to the transmitting frequency fij appearing when no 
stress is applied. The diameter da (see Fig. 30) of the 
connection between the con^jonent la and the LSI chip can be 
reduced, thereby making it possible to increase the 
sensitivity to the spatial differential coefficients of the 
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. . pressure distribution, p^ and py, relative to the sensitivity 
to p. In a prototype circuit, the resistance R of Fig. 31 is 
lOOIcQ and the transmitting frequency is about lOMHz. 

The tactile element is embedded as shovm in Pig. 32. Air 
5 is present in a cavity Ic. For a finite thickness H of the 
tactile chip 1, R, and Py are proportional to the shearing' 
stresses T„ and Ty,, which are uniformly given around the 
element. As a preliminary experiment, a structure having the 
electrodes El to E4 -formed on a general-purpose circuit board 
10 with the metal component la connected thereto was externally 
attached to a prototype LSI chip lb to check the " operation of. 
the transmission circuit. This is shown in Fig. 33. Pig. 33 
shows a rigid wall 8, a flexible rubber block 9, and a circuit 
board 10. Ds is 10mm. 
15 Fig. 34 is a patterned mask for. a LSI chip (a "substitute 

view) . Fig. 35A shows a picture (a substitute view) , taken • 
from above, of the electrodes El to E4 which were prepared on 
the general-purpose circuit board in the preliminary 
experiment and from which the component la was removed. Fig. • 
20 35B shows a picture (a substitute view) taken of the 
electrodes El to E4 to which the component la has been 
.connected. 

Fig. 36 shows a transmitting waveform observed at no load, 
the horizontal axis representing time (ps) and the vertical 
25 axis representing voltage (V) . 
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Fig. 37 is a view showing transsiitting frequencies 
observed when the entire surface of a structure with a 
flexible body placed on the surface thereof is continually 
displaced. 

Fig. 37A is a view showing transmitting frequencies fas, 
f24 observed when the entire surface of a structure with a* 
flexible body of a thickness of 3inm (with a Young's modulus of 
4.4>cl0'pa) placed on the surface thereof is continually 
displaced vertically, it can be seen that the vertical load 
causes the distance between the metal component la and the 
electrode to be generally reduced, and both the transmitting 
frequencies are reduced. In Fig. 37A, the horizontal axis 
represents the 2 displacement (nun) and the vertical axis 
represents the frequency (MHz) . 

Fig. 37B shows transmitting frequencies fi3, ±24 observed 
when the surface is continually displaced horizontally (in the 
X direction) . The horizontal axis represents the X 
displacement (mm) and the vertical axis represents the 
frequency (MHz). When the stage was moved in the +x direction 
and the surface was relatively displaced to the left, it was 
seen that the transmitting frequency ±24 for the left electrode 
tended to decrease whereas the transmitting frequency fig for 
the right electrode tended to increase. 

The sum of and difference between the frequencies fi3 and 
f24 observed in the foregoing were re-plotted in Fig. 38. 
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Fig. 38 A is a plot showing the sum of and the difference 
between fi3 and fj,, observed upon vertical displacement being 
continually applied, with the horizontal axis representing the 
displacement in the Z direction. Fig. 38B is a plot showing 
the sum of and the difference between fj., and fzt, observed upon 
horizontal displacement (in the x direction) being continttally 
applied to the surface, with the horizontal axis representing 
the displacement in the X direction. In Fig. 38A, the 
horizontal axis represents the Z displacement (ram) and the 
vertical axis represents the frequency (MHz), in Fig. 38B, the 
horizontal axis represents the X displacement (mm) and the . 
vertical axis represents the frequency (MHz) . 

With the vertical stress applied, the sum signal changed 
with no change in the difference signal. Conversely, with the 
horizontal stress applied, the difference signal changed with 
no change in the sum signal. 

From this result, it can be seen that this tactile chip 
is capable of separately detecting the vertical arid shearing 
stresses. 

On the other hand, as for the stability of the 
transmitting frequency, observed were a variation of IkHz 
during an observation time of 1ms and an error rate of 0,01%. 
The transmitting frequency varied about 10% for a displacement 
of Imm on the surface of the elastic body, with the minimum 
detectable surface displacement being lim. That is, a stress 

91 



. ' meaSursiiient range of 10 bits or more was successfully realized. 

The tactile chip 1 may be connected to the electrically 
conductive rubber sheets 2 and 3 according to other methods 
than the one shovm above such as a method for placing the 

5 electrodes 6a' and 6b flush with each other on the chip as 

shown in Fig. 39, allowing pin-shaped projections 11a and 'lib 
to electrically contact with a plurality of layers, or a 
method for patterning electrically conductive regions inside a 
single layer as shown in Fig. 40. In Fig. 40, the electrodes 

0 of the chip electrically contact a plurality of electrically 
conductive regions in a single layer, in Fig. 39, the pin-- 
shaped projections 11a and lib are formed so as to. provide 
electrical contact between the electrodes 6a and 6b on the 

• chip and the electrically conductive rubber sheets 2 and 3, 

1 respectively. The electrically conductive rubber sheet 3 is 
provided on the top and bottom with the insulating layers 7a 
and 7b, respectively. Pig. 40 illustrates insulating regions 
12 in a single rubber layer and electrically conductive 
regions 13 in the single rubber layer. 

For a sensor sheet having a large area, since the 
capacitance between the two electrically conductive layers is. 
large, it is effective even in the same layer to replace a 
portion requiring no electrical conductivity with a non- 
conductive material. 

On the other hand, signals from multiple tactile chips 
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can be read via the electrically conductive rubber sheets 
without using individual conductive wires, thereby allowing 
tactile sensors to be densely populated while flexibility and 
robustness are maintained. Additionally, defonnation data 
locally detected can be coded for transmitting a signal, 
thereby making it possible to read tactile signals at good 
signal-to-noise ratio (the experiment employed a measureihent 
range of 10 bits or more) , it can be expected that this 
structure is used to realize a sensor having the saiae tactile 
softness as that of a human, and covfer the entire surface of a 
robot . 

As described above, the second embodiment can realize a 
flexible tactile sensor in which multiple tactile elements are 
densely populated. 

In the foregoing, the present invention has been 
described in accordance with several embodiments; These 
embodiments are merely illustrative, and those skilled in the 
art will understand that various modifications can be made to 
each of the components of the embodiments and the combination 
of the processes, and are included in the scope of the present 
invention. 

INDUSTRIAI. APfI.XCABII.ITX 

As described above, the present invention can be utilized 
for a novel communication apparatus and for a novel tactile 
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sensor incorporating the assembly. 
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